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PREFACE

The Rand Corporation has been developing, under the Technology
Applications Program of Project AIR FORCE, a capability for analyzing
spectral and orbital congestion problems in current and projected U.S.
and international space-related systems. This report contains
descriptions of the analytical procedures, the computer programs to
implement these procedures, and the required space systems data base for
investigating such problems. (A previous Rand document on the subject is
N-1536-AF, Transmission and Orbital Constraints in Space-Related
Programs: Project Description, August 1980.) Some of the results
presented in this report have appeared in the Proceedings of the
Conference on Space Systems Data Bases and Analysis Capabilities, held
November 17-19, 1981, at the DoD Electromagnetic Compatibility Analysis
Center (ECAC) in Annapolis, Maryland.

The Rand project is supported by the Directorate of Space Systems
and Command, Control, Communications, Headquarters, United States Air
Force (AF/RDS), through Program Management Directive PE63431F of the
Advanced Space Communications Program. AF/RDS, which serves as the
office of primary responsibility for the Rand effort, assisted in
obtaining the support and participation of the Air Force Systems Command,
the Air Force Space Division, the Air Force Satellite Control Facility,
the North American Air Defense Command, the Aerospace Defense Command,
and other DoD organizations, as well as the Federal Communications
Commission, the National Aeronautics and Space Administration, the
National Telecommunications and Information Administration, and space-
related industries. ECAC was tasked by the Office of the Under Secretary
of Defense for Research and Engineering with developing the required
space systems data base and analysis capability for both military and
commercial space systems.

The Air Force Space Division is planning to establish a continuing
project to implement applicable recommendations and analysis capabil-
ities documented in this report. The Advanced Space Communications
Program Office (SD/YKX) will continue to be the office of primary
responsibility at the Space Civision for the project. The YKX office
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ok will be supported by the Frequency Management Branch of the Directorate
» of Communications Electronics (SD/DC) for frequency management issues.

::ﬁ The DC office will also act as the point of contact for the ECAC data

BN

rz’ base described in this report. The Deputy for Mission Integration

“%ﬁ (SD/Y0) will provide support on operational issues (SD Reg. 55-1). The

role of the Air Force Space Command in this project and in spacecraft
lgﬁ orbital position management is being formulated. The suggested parti-
;g% cipation of other agencies, of industry, and of universities is

b discussed in the text.

Copies of this report may be obtained from The Rand Corporation or
from the Defense Technical Information Center (DTIC), Building 5,
» Cameron Station, Alexandria, Virginia 22314, Ph. #202-274-7633 (AUTOVON
% 284-7633).
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SUMMARY

This report is a compendium of the techniques available for analysis
of spectral and orbital congestion in space systems. Increased space
traffic and debris, spectral demands, requirements for orbital slots and
position control, and the very large geographical areas visible to
satellites collectively imply potential signal interference, which
requires analysis and control. The extensive data base on space and
earth electromagnetic environments being established at the
Electromagnetic Compatibility Analysis Center (ECAC), Annapolis, MD, and
the computer-based analysis programs documented in this report provide
the required capability for the analysis process.

The expansion of signal transmissions and orbiting objects could
severely affect the frequency spectrum allocations, orbit assignments,
and related earth segments of space systems. The available spectrum and
useful orbital positions, as defined by today's capabilities, may be
inadequate, leading to the condition we refer to as spectral and orbital
congestion. A continuing analysis program, described in this report, is
needed to provide a resource for evaluating engineering and architectural
designs, predicting the impact of intentional and unintentional
electromagnetic interference (EMI), and determining probable saturation
conditions. The program may also be used to determine systemic effects
caused by the repositioning of satellites.

The treatment of these problems requires a set of analytical
procedures, computer programs to apply these procedures to specific

configurations, and a data base to provide inputs to the programs. Such

procedures, programs, and data bases have been developed at many
organizations during recent years, and it did not seem appropriate for
Rand to develop new ones. Hence, this report principally describes
existing and planned techniques to investigate EMI in space systems. The
descriptions provide an understanding of the structure and problem-
solving capabilities of the analyses and programs, without any study of
coding details. Much of the subject matter was initially furnished to

Rand by persons from the companies or agencies where the analyses and
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%7' codes were developed. The material was then modified by the Rand authors ﬁ_
- to bring all presentations to approximately the same level of complexity. g
;" The revised versions were submitted to the originating authors for &
i;b approval. Because readers may desire copies of or additional information j:
R on particular programs, individuals for contact are indicated at the end :
N of each subsection. -3
' The project has been structured to comply with the technical :Z
f:' criteria, rules and regulations, and coordination procedures established
2, by national and international frequency management agencies. The i
. organization and functions of these agencies are reviewed. The {
:ig procedures for frequency assignment and coordination among potentially j
nﬁ interfering channel users are described in detail. :ﬂ
;:3 The proposed Space System Data Base will consist of electromagnetic :
ya: and operational characteristics of active and projected U.S. and ‘
international space systems including related earth and airborne N
; segments. A proposed data collection format, described in Appendix A, E
x lists the technical characteristics of the hardware involved and x
_ operational characteristics of the system required for the data base. :
*§ The data base will be maintained at ECAC.
:j More than 20 analysis and computation codes are described, with the
) presentation pitched to an engineer's or user's level. The codes are iy
m’ grouped into six categories. The first set, cull and coordination, N
i% describes procedures to determine the possibility of interference to :
‘gi ground stations caused by other ground stations or by space systems, and E
*: then to coordinate frequency allocations according to the prescriptions s
;~ of the International Telecommunication Union. The second, cosite %
;;ﬂ analysis, considers interference among various equipments at the same é]
::‘ approximate geographic location. The third category of codes, :v
{zg intrasystem EMC analysis, deals with interference induced in equipments ;
.:: via direct or wire couplings, and is devoted primarily to complex circuit %
is: analysis. The fourth category, intersystem EMC analysis, involves i
;‘* analyses and codes for determining interference produced by far-field t
gt (from earth) and space-based sources. Most of these codes pertain to ;
;:: geosynchronous communications satellites, but some permit the 5
S consideration of any orbit. Included in this group is an extensive ‘.
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nongeostationary systems. Codes and probability considerations are
described, with mathematical details in Appendix B. The fifth category,
electromagnetic vulnerability analysis, considers the behavior of complex
communication networks under stress caused by intentional and
unintentional interference, and the final group, multipurpose, describes
programs which partake of several of the previously discussed categories.

The space systems data base and the analysis techniques and computer
programs are essential components for predicting and analyzing
intentional and unintentional interference on space systems being
monitored by the Space Defense Operations Center (SPADOC), and for
assisting the Air Force in preparation for the space services World
Administrative Radio Conference (WARC). The actions of Rand and ECAC to
coordinate this project with SPADOC and WARC objectives are described.

It is recommended that the Space Systems Program Offices of the Air
Force Product Divisions, supported by the appropriate contractors and
coordinated by the Air Force OPR, provide the necessary access to data
bases at ECAC, and be responsible for conducting investigations of
orbital and spectral congestion problems, employing the data base and
analysis techniques described in this report. In the initial
implementation phase of this program, choice among particular analysis
models and computer programs described herein should be the
responsibility of the analyst who is investigating a specific problem.

As this process develops, preferences among models should emerge.
Participation could be voluntary during the implementation phase. Air
Force documents on spacecraft orbital position management, frequency
management, and military standard electromagnetic compatibility
requirements should be revised to include references and instructions for
use of this project.

The projected capabilities will provide an essential national
resource for management decisionmaking and architectural planning on

space-related programs.
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EXECUTIVE OVERVIEW

The U.S. Air Force has a leadership role in the development and
operation of space systems for the Department of Defense. There has
been a steady advance in the data link traffic and data processing
requirements in earth-based and satellite-based communications and relay
systems. There also has been a steady increase in the number of objects
in orbit, including active and inactive satellites and space debris.

The probability of collision of spacecraft and debris will increase as
the number of space objects, sizes of spacecraft, and on-orbit lifetimes
grow. These expansions of signal transmissions and orbiting objects
could severely affect the frequency spectrum allocations, orbit
assignments, and related earth segments of space systems. Available
spectrum, and the useful orbital positions as defined by today's
capabilities, may be inadequate, leading to the condition we refer to as
spectral and orbital congestion. Positional changes that may be
required to avoid collisions may lead to radio frequency spectrum
interference with other satellites. A continuing analysis program,
described in this report, is needed to provide a resource for evaluating
engineering and architectural designs, predicting and analyzing the
impact of intentional and unintentional electromagnetic interference
(EMI), and determining probable saturation conditions in spectrum usage
and satellite orbital positions for space-related programs.

The intent of this project and the treatment of these problems
require a set of analytical procedures, computer programs to implement
these procedu;es, and a data base to provide inputs to the programs.
Such procedures, programs, and data bases have been developed at many
organizations during recent years, and are compiled in this report.
Investigations on nongeostationary orbits originated at Rand are also
included. This report is principally devoted to an exposition of
existing and planned techniques to investigate electromagnetic
interference in space systems. The descriptions are planned to provide
a comprehension of the structure and problem-solving capabilities of the

analyses and programs. Much of the subject matter was initially
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furnished to Rand by persons from the companies or agencies where the
analyses and codes were developed. The material was then modified by
the Rand authors to bring all presentations to approximately the same
level of complexity. The revised versions were submitted to the

originating authors for approval. This report may be viewed as a

compendium, on an engineering or user's level, of the techniques for

evaluating congestion problems in space systems. Since readers may
desire copies of or additional information on particular programs,
individuals for contact are indicated at the end of each subsection.

Because of the complexities of the spectral and orbital congestion
problems, numerous organizations have developed models and programs to
treat them. Often these models are of comparable scope and capability,
and the prospective user should be aware of the existence of this
multiplicity of programs and choose the one (perhaps several) which best
suits his particular problem. Hence, we have included descriptions of
all of the programs for which we have received data, and have not
indicated a selection between competing models. In the initial
implementation phase of this program, choice among particular analysis
codes and computer programs described herein should be the
responsibility of the analyst who is investigating a specific problenm.
As this process develops, preferences among models should emerge based
on utilization.

Orbital congestion problems, involving position allocation, nuclear
collateral damage, avoidance of collision with debris or other
satellites, and satellite repositioning, must be solved directly if
space systems are to avoid catastrophic failures. These debris and
collision avoidance issues are being treated by other projects.
Extensive references are presented in the Introduction to this report,
but the subject is not treated further in the text.

However, satellite repositioning may lead to spectral congestion
problems if signals from the repositioned satellites interfere with
signals from other satellites. These orbital-inducing-spectral
congestion situations should be treated by the procedures described in

this report.




g

i

>
.

N

The space systems spectral/orbital congestion analysis process has

been divided into seven functional categories:

Regulations and procedures for radio frequency management
Cull and coordination

Cosite analysis

Intrasystem electromagnetic compatibility (EMC) analysis
Intersystem EMC analysis

EM vulnerability analysis

NS W

Multipurpose treatments

These categories separate the general scenario into specific areas which
are appropriate for description of particular tasks. In addition, an
extensive Space Systems Data Base is being established at the DoD
Electromagnetic Compatibility Analysis Center (ECAC) in Annapolis,
Maryland, to provide support for the investigation of all of the

congestion problems.

Regulations and Procedures for Radio Frequency Management

The project was directed to comply with technical criteria, rules
and regulations, and coordination procedures established by the
international and national radio frequency management agencies. Section
II provides a review of the organization and functions of these
agencies.

The principal international organization for coordination of
telecommunications is the International Telecommunication Union (ITU), a
special agency of the United Nations with 158 member nations at present.
It has four permanent organs--the General Secretariat, the International
Frequency Registration Board (IFRB), the International Radio
Consultative Committee (CCIR), and the International Telephone and
Telegraph Consultative Committee (CCITT). The ITU itself is governed by
a Plenipotentiary Conference, which meets every five years and
determines membership, general policies, financial aspects, and
conclusion or revision of agreements, and by an Administrative Council

which supervises the administrative functions and coordinates the

activities of the permanent organs.
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The General Secretariat assembles international telecommunications
data, such as lists of radio stations and telegraph offices throughout
the world. The IFRB effects the orderly recording of frequency
assignments made by the different countries. The two Consultative
Committees study technical, operating, and tariff questions relating
respectively to radio communication and to telephony and telegraphy.
The organs and the general ITU organization hold periodic study group
meetings, plenary assemblies, and regional and world administrative
conferences.

The ITU compiles and publishes the Radio Regulations, Vol. 1, which
includes the International Table of Frequency Allocations. Appendices
to the Radio Regulations, Resolutions, and Recommendations are included
in Vol. 2.

Frequency management within the United States is under divided
jurisdiction. The Federal Communications Commission regulates
frequencies assigned to non-federal users, and the National
Telecommunications and Information Administration (NTIA) is responsible

for the assignment and use of frequencies by U.S. government agencies.

Within the government, each agency decides, in the light of policies,

rules, and regulations, how much radio communication is needed to carry
out its mission. The agency makes the necessary technical studies,
selects possible frequencies, coordinates the selection with other
agencies involved, and files an application with the Executive Secretary
of the Interdepartment Radio Advisory Committee. The procedures of the
IRAC and associated councils for evaluation of the frequency assignment
applications are described. The systems used by NASA and the Department
of Defense for frequency management are considered in considerable

detail.

Data Bases

Section III.A of the report describes Electromagnetic Spectrum Data
Bases. The proposed Space Systems Data Base (SSDB) will contain
electromagnetic and operational characteristics of currently active and
projected U.S. and international space systems. Information on both the

space segments and related earth segments will be included. The SSDB
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will be structured to provide an automated file for quick access,
culling, and printouts, and expanded information as available in
documents, reports, and measured data. The file will include time-
related information on deployed systems, currently active or in standby
orbits; approved-for-launch systems with scheduled dates; firm and
funded development programs; and future development plans with predicted
schedules. The proposed data collection format includes items published
by Rand, contributions from other agencies, and recent substantial
expansions by ECAC. It provides inputs for preliminary interference
analyses and indications of the operational usage of systems. Technical
characteristics of the hardware involved and operational characteristics
of the system required for the data base are listed in Appendix A. The
extensive detail indicated in the proposed format is required to cover
the numerous inputs derived from the analyses and included in the
computer programs. The data base is being developed and maintained at
ECAC. ECAC at present maintains many data bases required for DoD
electromagnetic compatibility studies. Section III.A.2 describes these

data files.

Analysis Codes and Computer Programs

Section III.B, the longest portion of the report, describes some of
the analytical procedures and computer programs that have been developed
to treat electromagnetic interference. More than 20 codes are
discussed. The subsections follow a common format, as listed below,

although there are many differences in detail.

Program Source and Purpose
Who developed it for whom
When it was developed or became available
Program users
Code Description and Capabilities
Analytical material
Required inputs

Detailed code structure

Typical outputs
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Special features and limitations

Orbits
Frequency limitations
Antenna patterns included
Propagation models
Special algorithms
Program Software
Language
Computer type
Size of program
Support software required
Computer storage and memory
Execution time for particular runs
Problem size limitations
Documentation

Individuals to Contact for Additional Information

The descriptions of the analyses and programs, as given in the main
text of this report, are the result of a massive reduction process from
many volumes of original submissions. In this summary, we shall only
present for each program its originator, purpose, and a one-paragraph
description. We hope that this will provide enough information for the

reader to select which programs will be of principal interest.

Cull and Coordination

Cull models are procedures for excluding clearly non-interfering
cases from extensive investigations of interference. Coordination
models pertain to the coordination of frequency assignments among
potentially interfering systems. Since culling of non-interfering cases
is employed in every treatment of interference problems, we shall not
consider cull models separately, but shall only describe coordination
models in Section III.B.2.

Cull and coordination contains three programs. The first program,
described in Section B.2.a, was developed at ECAC/IIT Research
Institute; the program gives the procedures used to automate the

calculations of coordination contours required by ITU Radio Regulations
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;" Appendix 28. This Appendix applies to coordination of frequency
\ . , . . . ‘.
L. assignments to a satellite system earth station in relation to ;j
--'_c . i . . . .".
o terrestrial stations, or vice versa. The coordination area to be ﬁj
" calculated is that area around a transmitting station within which {ﬂ
- innocent receivers may be affected, or that area around a receiving :;
. station within which transmitters are potential interferers. fj
j. Propagation between stations may be line of sight or via rain scatter.
&
,*: The automated program calculates the coordination area from a data base
- that contains terrain and transmitter locations, so the user can operate
ey interactively, with only seven basic data items required to generate
-
o . .
% coordination contours.
~
o . ) .
&N The second coordination program, Section B.2.b, was developed at
-«
A NTIA; it concerns automated calculation of coordination procedures
5 . : . : ) .
~ required for ITU Radio Regulations Appendix 29, which pertains to
o
-l
'gx satellite systems. The Appendix provides procedures for calculation of
o’ ) . . . .
) apparent increase in receiver noise temperature due to interference from
d .
L other satellite systems. The regulations state that coordination of
s frequency assignments is necessary if the fractional change in receiver
¢ . , .
f ' noise temperature exceeds & percent. The interactive computer program
% provides automatic calculation of all the variables in Appendix 29 and
B3 all possible interactions of the networks being investigated.
\ The third coordination program, Section B.2.c, developed at
ot ECAC/IIT Research Institute, automates calculation procedures for
g% P
- -‘ * s . ] .
}{ coordination contours for ground mobile satellite terminals. The
- ¢
- , , :
o program establishes the electromagnetic environment, then analyzes the
- potential EM interactions for an earth terminal at a grid of locations
! within the operating area, using the calculation techniques of Section
= P 8 s g q
LY . . . :
) B.2.a. The outputs are clear areas, within which a mobile earth
-
¢ . .
) terminal with specified parameters can operate compatibly with
-
Jr surrounding equipments, and protection areas, within which a mobile
f:v transmitter (receiver) produces (experiences) interference.
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Cosite Analysis

Cosite analysis, Section III.B.3, contains only the investigations
on the subject performed at ECAC. Cosite analysis is primarily
concerned with interactions that are associated with system proximity,
and includes a variety of nonlinear effects which produce interference
between systems located in the same small geographic area. A number of
automated models calculate the linear and nonlinear couplings and

interference between equipments.

Intrasystem EMC Analysis

Intrasystem EMC analysis, Section III.B.4, covers four programs
operated at the Rome Air Development Center and one developed by TRW.
These are basically circuit analysis codes, and are concerned with
compatibility within a system consisting of electrically interconnected
equipments and/or equipments in proximity, such as those within a single
aircraft, spacecraft, or ground station. The first program, Intrasystem
Electromagnetic Compatibility Analysis Program (IEMCAP), Section B.4.a,
is a systems-level computerized analysis program which acts as a link
between equipment and subsystem EMC performance and total system EMC
functionality. It involves detailed modeling of the system elements and
mechanisms of electromagnetic transfer to provide a suitable data base,
generate EMC specification limits, survey for incompatibilities,
evaluate the impact of waivers and design changes, and provide
comparative analysis results upon which to base EMC tradeoff decisions.
Emitters and receptors are identified, possible connecting paths
determined, and the potential interference levels determined as
functions of frequency, leading to threshold margin statements. All
calculations are fully automated.

The second intrasystem program, General Electromagnetic Model for
the Analysis of Complex Systems (GEMACS), Section B.4.b, is designed to
calculate interactions among wire bundles. It employs the Method of
Moments technique to calculate currents for an arbitrary geometry of
interconnected elements excited by driving voltages or external fields.
The self and mutual impedances of the network are found in terms of the

geometrical inputs, and the wire coupling parameters, near and far
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electric field patterns, and the coupling between pairs of antenuas are
obtained.

The third intrasystem program, Nonlinear Circuit Analysis Program
(NCAP), Section B.4.c, follows 1EMCAP. After a more coarse analysis has
indicated a potential EMC program at the circuit level, NCAP could be
used to calculate the nonlinear transfer functions of the network, which
is made up of interconnections of a standard set of circuit elements.
The nonlinear network is solved by a power series expansion, and the
outputs are found for ecach harmonic of the input signal frequency. The
automated calculations involve the network topology, devices employed,
and circuit excitations.

The fourth intrasystem program, Wire Coupling Prediction Models,
Section B.4.d, performs detailed calculation of wire-coupled
interference. The seven programs included in the modeling predict the
coupling between wires and their associated termination networks in
closely coupled, high density cable bundles and in flatpack (ribbon)
cables in modern electronic systems. The effects of shielding and
twisting are included. The models are based on a complete and unified
consideration of Multiconductor Transmission Line theory as it applies
to the prediction of wire-coupled losses. The programs calculate wire
mutual impedances and currents excited by external electromagnetic
fieids. Each automated program is efficient for the specific problem
being investigated.

The remaining intrasystem EMC analysis program, Specification and
Electromagnetic Compatibility Analysis Program (SEMCAP), Section B.&4.e,
was developed by TRW and is very similar to the program IEMCAP described
in Section B.4.a. It takes a set of wire or antenna connected
generators and receptors, calculates the various mutual couplings, and
creates generation and susceptibility specifications for controlling
electromagnetic interference, plus analyses to waive the specifications.

Outputs display the compatibility conditions within the network and

indicate what modifications may be required.




Intersystem EMC Analysis

Intersystem EMC analysis, Section III.B.5, covers several programs
relating directly to space systems. Interference problems involving
links connecting satellite and ground terminals are treated by these
programs. An analytical introduction, Section B.5.a, provides the
theoretical material upon which the programs are based. The receiver
output from an interfering transmitter is determined analytically in
terms of the geometrical configuration, the type of signal being
transmitted, and the transmitter and receiver antenna patterns,
including polarization effects, atmospheric attenuation, and the
responsivity of the receiver as a function of frequency and signal
parameters. The interference sources act independently, so the output
powers are added to form the interference-to-signal ratio, which then is
compared to a threshold sensitivity to determine the system performance.
Section B.5.a is the only section in the body of this report which
contains any mathematics.

The next three sections, B.5.b, ¢, and d, describe computer
programs which apply the analytical framework of B.5.a to geosynchronous
communications satellites. The program of Section B.5.b was originally
developed by Rand and has been improved by the FCC and NTIA. It was
designed to treat interference among broadcasting satellites, but can be
applied to any link involving earth stations and geosynchronous
satellites. The code calculates potential interference among signals
carrying multichannel telephony, telegraphy, or television for a large
number of links (typically 100 to 150). It is fairly simple to use.

Section B.5.c, Adjacent Satellite Interference Model, was developed
by the FCC to assess the impact on U.S. domestic satellites of reducing
the orbit spacings between satellites. It is based on the analytical
framework of Section B.5.a, but deals specifically with the interference
and signal margins among the many signal channels on a specified pair of
satellites in terms of their orbital spacing.

The program of Section B.5.d, Spectrum Orbit Utilization Program
(SOUP), was developed by GE and ORI, Inc. It exists in two versions,
SCUP3 and SOUP5, which employ the same analytical framework. They

compute the mutual interference between a large number (hundreds) of
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923 communications links, operating at the same or overlapping frequencies,

S between earth stations at specified locations through satellites in

;:$ specified orbit positions. SOUP3, designed for both fixed and

.:} broadcasting services, computes carrier/interference ratios, total

3 @ interference power for FDM/FM signals, and error rates for digital
signals. SOUP5, developed exclusively for broadcasting service,

:q computes carrier/interference ratios and margins only. Each program

,E; provides very extensive output data, available both in summary form and

‘q in a detailed systems engineering format.

f The next program, Section B.5.e, Co-Channel Interference Analysis

;;k for Generalized Satellite Orbits, has been developed by the MITRE

‘{%5 Corporation. It calculates downlink interference from many satellites

:2 into a single ground station, which may be stationary or mobile. This

i program has been designed to provide general orbit capability. The 5

Qg satellite orbits implemented are arbitrary ellipses, instead of the E%

S& geosynchronous configurations of the three preceding programs. This :&

;:3 program produces graphical outputs which are very well suited to show %

) interference effects on airborne receivers.

:a The next section, B.5.f, Interference Problems for Nongeostationary

¢: Satellites, original to this Rand project, describes signal interference

gﬁ phenomena associated with satellites other than geosynchronous

B communications satellites. The signals usually pertain to telemetry and

‘d commands. These problems are strongly time-dependent, since

‘q nongeostationary satellites will only interfere when they are located in

!% a common antenna beam. The problems may be treated by computer ;

*: programs, which determine specific occurrences of interference, or by g%

a: probability considerations, which give the expected total interference, ia

2 the mean and maximum duration, and how often interference occurs. The >¥

{; computer programs are described in very genera' terms. The probability E'

g theory is outlined and the results applied to several typical cases. gﬂ

5: Interference among nongeostationary satellites may be expected to worsen i:

;5 as the number of satellites increases. The mathematical details ;3;

ﬁ: associated with this analysis are presented in Appendix B. ES

The next two subsections deal with computer programs for ﬁ

geostationary and nongeostationary satellites. Section B.5.g, Air Force :5
Satellite Control Program--Milestone 4, describes the computer program }{
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employed by the Air Force Satellite Control Facility to determine
possible radio frequency interference involving satellites under the
control of the U.S. Air Force. The program uses an ephemeris generator
to determine the positions of the satellites versus time, a time sieve
to find whether satellites are simultaneously visible to a ground
station, and a frequency sieve to establish whether possible interferers
have frequencies in common. Antenna cone angles are then calculated to
determine the actual times of interference, if any. Milestone 4 is used
for day-by-day scheduling of command and telemetry transmissions of Air
Force satellites.

Section B.5.h, Deep Space RFI Prediction Program (DSIP2), describes
the program employed by the Jet Propulsion LaBoratory to determine
possible radio frequency interference with the Deep Space Tracking Net
(DSTN). Because of the great distances over which interplanetary
signals must be transmitted, the DSTN employs very large antennas and
extremely sensitive receivers, and the operations may be subject to
impairment when the source of interference is in the sidelobes of the
antenna. The program operates with an ephemeris generator and antenna
cone angle calculator, and determines the level of interference, ranging
from bit errors to receiver droplock, and the occasion and duration of
interference, which may be from seconds to hours. With reliable
predictions of RFI events available, it is possible to change spacecraft
operations plans to avoid the RFI or even to request of those operating
the interfering satellite that its transmitter be turned off for certain
intervals.

The last subsection under the category of intersystem EMC analysis,
Section B.5.j, describes three programs developed by Computer Sciences
Corporation. The first, Flexible Satellite Communications System
Simulator, simulates multiple satellite communications signals and their
RF environments. These simulations are then used for interactive
studies of system performance and basic system design. The second
program, ECCM Network Evaluation Program (ENEP), provides an interactive
model to evaluate ECCM networks under varying degrees of uplink jamming.
This program can automatically adapt link EIRP and data rates to meet

prescribed operational capabilities. The third program, Satellite

Coverage Program, calculates the areas and times of coverage of a
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‘d satellite antenna considering motion of the earth and of the satellite, N
. n
' which may be in an arbitrary orbit. Extensive statistical outputs are :
[ % .
XA provided, which may be used for link scheduling. -
- h -
S Electromagnetic Vulnerability Analysis :
\ The next category of programs deals with eclectromagnetic -
¢: vulnerability analysis. This subject pertains to the stressing of i
1= ‘>
A g networks rather than individual equipments. The first program, "’
{'4 MILSATCOM Vulnerability Analysis Model (MVAM), Section III.B.6.a, 3
, developed by Bell-Textron, is an event-driven traffic model designed to s
e ™ A
285 simulate military satellite communication system characteristics. The o
2] _ _ ' o =
E;} program is capable of analyzing traffic events such as transmission ;
: ! attempts and processes when completion fails, queueing and preemption of ",
e traffic, intentional and unintentional interference, effects of storms &
IR ~
:; and nuclear blasts, and other phenomena which may influence the traffic- o
“
-:f handling properties of the network. Outputs involve detailed and N
g statistical presentations of system performance. Also included in this <

subsection, since the work is being performed under the same auspices,

is a brief description of a program now under development which will

et
v J

L)
.
—a

Tii analyze the vulnerability of laser communications systems. i
?:: Section B.6.b, Simstar/Dynamic Multi-Message Simulator, describes a o
program which was developed by the U.S. Air Force to investigate the
:{i behavior of the Minimum Essential Emergency Communications Network E{
?5' (MEECN). The program is designed to analyze the carability and b
:%t reliability of the network to transmit the required message traffic :
qﬁ? under a variety of stressing conditions, thereby determining message f
ig: probabilities and traffic statistics which establish the endurability of i‘
'E} present and future command, control, and communications systems. Monte ;
t:; Carlo studies and preservation of link performance calculations permit N

: the investigation of very large scale networks.

3

Section B.6.c, Propagation Network Analysis Code (PNAC), a program

i
g

developed by Computer Sciences Corporation, assesses the performance of
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%5 satellite communications systems in critical strategic C3 and warning

7} networks under threats produced by electronic countermeasures and by -
jz disturbances in the radio-frequency propagation medium caused by high- ;
,:} altitude nuclear detonations. The code simulates the propagation of -
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multiple messages under such scenarios, calculates the link and network
error rates, and expresses the results as a probability of acceptable

message. Results are both specific and statistical.

Multipurpose Treatments

The final category of programs are multipurpose, combining several
of the previous categories. The first of these, Electromagnetic
Compatibility Frequency Analysis (EMCFA), Section III1.B.7.a, developed
by Martin Marietta Aerospace, can determine interference of intra-,
cosite-, and inter-system types. The program calculates direct and
intermodulation interferences to system receivers from transmitters in
the environment, taking nonlinear interactions into account, and
determines corrective actions to minimize or eliminate these
interferences. The very large number of harmonics associated with the
nonlinear mixing terms can lead to literally millions of potential
interferences produced by 10 to 20 sources. Qutputs are both tabular
and graphical, and show which interference sources are significant.

The last subsection of Section III.B, B.7.b, describes the analysis
capabilities at ECAC. Since ECAC was established for the purpose of
analyzing the EMC aspects of developing communications-electronics
systems, it has developed many procedures for investigating interference
problems. Analytical tools and computer programs have been devised or
secured from other organizations to treat subsystem models (antennas,
receivers, and transmitters), propagation models, degradation analysis,
environmental synthesis, cosite analysis, and satellite systems. For
the situations where no computer models have been developed, an

engineering staff is available to apply manual procedures.

Analysis for SPADOC and WARC

The space environment data base and the analysis codes and computer
programs were considered essential components for predicting and
analyzing intentional and unintentional interference on space systems
being monitored by the Space Defense Operations Center (SPADOC), and to
assist the Air Force in preparation for Space Services World
Administrative Radio Conferences (WARC). Section IV describes the
problems involved and the actions of Rand and ECAC to coordinate this

project with the SPADOC and WARC objectives.

%
&

-y e = mg-



O S R S S

’-'":’ Conclusions
' Increased space traffic and debris, spectral demands, and
:E% requirements for orbital slots and position control indicate possible
.:3 problems of orbital and spectral congestion in space systems at present
- and in the foreseeable future. The very large geographic areas visible
- to satellites imply potential electromagnetic signal interference
;ﬁi conditions which require analysis and control. We have drawn the
;ﬁ following conclusions from the studies of this report:
;%

" 1. The extensive data base on space and earth electromagnetic

éﬂ environments being established and maintained at ECAC,

%: Annapolis, Maryland, and the computer-based analysis programs
f?u documented in this report, provide the required capability for
}é analysis of spectral and orbital congestion problems.
Sﬁ 2. The process provides the ability to analyze potential
iﬁ electromagnetic interference produced by orbital repositioning
&3 of satellites to avoid collisions with debris or other
- satellites.
gsj 3. The procedures have been structured to comply with the
;}% technical criteria, rules and regulations, and coordination

Y]

requirements established by the national and international
frequency management agencies.

4. Project capabilities will provide an essential national

rJ
3 m‘..,

resource for management decisionmaking and architectural

planning on space-related programs.

};1‘ Recommendations
13 In the transition of this project to Air Force management and
: implementation, we recommend that:
ia! 1 An Air Force organization should be established as OPR to
)é manage and maintain a continuing program for analysis of
1 orbital and spectral congestion problems, providing access

: to and employing the data base and analysis techniques

}4 described in this report.
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The Space Systems Program Offices of the Air Force Product
Divisions, supported by the appropriate contractors, should
be responsible for the indicated analysis for specific
space systems. In the initial implementation phase, choice
among particular analysis models and computer programs
should be the responsibility of the analyst who is
investigating a particular problem. As this process
develops, preferences among models should emerge.
Participation could be voluntary during the implementation
phase.
The following Air Force documents should be revised to
include references and instructions for the use of this
project:
. Air Force Space Division Regulation (SDR) 55-1, Satel-
lite Position Management, 15 September 1983 (OPR: SD/YO0)
Air Force Regulation (AFR) 55-XY, Spacecraft Orbital
Position Management (Draft) (OPR: AF/X0SO0)
AFR 100-31, Frequency Management and Electromagnetic
Compatibility (OPR: AF/SITI)
MIL-STD-1541 (USAF), Military Standard Electromagnetic
Compatibility Requirements for Space Systems (OPR:
SD/ALTI)
AFR 80-23 and SD Supplement, Research and Development,
the U.S. Air Force Electromagnetic Compatibility
Program (OPR: AF/RDPT)
The project capabilities should support identification and
analysis of intentional and unintentional electromagnetic
interference for the Space Defense Operations Center
(SPADOC) .
The data base and analysis capabilities should be used in
preparation of Air Force requirements for the geostationary
Space Services World Administrative Radio Conference

(WARC), 1985.

Furthermore, we recommend that the analytical capabilities

documented in this report be employed for management decisionmaking and

architectural planning by all national space-related agencies.
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" I. INTRODUCTION

The United States Air Force has a leadership role in the
development and operation of space systems for the Department of
Defense. Planning for future space-related programs must account for
anticipated growth in the number of space systems, which will include
ground networks, large multifunction satellites, increased data
transmission rates, and effects on future requirements for spectrum
allocations and orbital positions. A continuing analysis program, such
as that described in this report, is needed to evaluate engineering and
architectural designs, and predict and analyze the impact of intentional
and unintentional electromagnetic (EM) interference and probable
saturation in spectrum usage and satellite/orbital positions for space-

related programs.

A. THE SPECTRAL AND ORBITAL CONGESTION PROBLEM

General

Projected advances in the use of space by the military and other
organizations for communications, navigation, surveillance, space
transportation systems, and other missions, coupled with increased
b launch rates by U.S. military, intelligence, and commercial interests
and by international agencies, will add substantially to the data link
traffic and data processing requirements in earth-to-satellite,
satellite-to-satellite, and satellite-to-earth communications and relay
systems. Data transmission requirements could expand by several orders
of magnitude as new and larger spacecraft are developed equipped with
spread-spectrum and wide-band spectrum transmission and receiving
systems.[1-3]' Such expansion could severely affect frequency spectrum
allocations, orbit assignments, and related earth segments of space
systems. Available spectrum and the useful orbital positions as defined

by today's capabilities may be inadequate, affecting the operational

'References appear at the end of each section, with reference
numbers beginning with 1 in each, rather than the usual system of
placing all references at the end of the report and numbering
consecutively.

K«
et RN T8 IS S IR S I ST SR A S L N 3 U S Ol et 7 € T e e T et e M e Tt T S e
ﬁ‘im iﬁ~’l‘.‘;~i\‘n‘iﬁ‘;‘:“i“:‘ _‘:":.'_._.\:.'.‘i".."b_.‘ ™ ‘.-‘_.\i.‘_..'_.":l.‘ Y .J.. ava™, '.A\ A .A‘. l*l‘\‘\» .\:L.\ at

P A

LY )
N

‘

8 L PR AR

.
Ll

. .
-
.JJ

,
i a

* "' .ll! oy

e _v_e
. L
o




o0
¥

L

L4

, "¢ ":‘n ‘s
nc.,a.‘.&

S,.‘
A

X4
v

,'v‘

-

f‘_“'.".,’-{
b, &y & 8
pe DD B 4P S |

atf S

\

~

AN

]
,A_’L LA

Y

T‘T
Qﬂw

.
¥ a3

i St AL AR A e SagOABC A A AR A

advantage of the increased sensing capabilities now being sought in
spacecraft. The increased demand in time of crisis could result in
disruption of critical data transmission. It is essential to the
security of the United States to have telecommunication facilities
adequate to satisfy the needs of the nation during and after any
national emergency.?

The future growth in both commercial and military space systems
could be constrained by technical problems associated with the
availability of the frequency spectrum, orbital congestion, and
anticipated proliferation of stationary and mobile earth terminals. The
seriousness of these constraints is shown in an assessment of the useful
areas and coverage of the geostationary circle; commercial
communications satellites at the 4-6 GHz bands essentially fill these
areas at current assignments and are expected to reach saturation at
12-14 GHz bands in the future. The military frequency bands, used in
space systems, are also approaching saturation because large portions of
them are shared with terrestrial links.

The Federal Communications Commission (FCC) has acknowledged this
problem and additional steps must be taken to meet the continued demand
of commercial systems for satellite capacity and to provide for new
entry. The FCC has issued a '"Notice of Inquiry and Proposed
Rulemaking'{4] on the "Licensing of Space Stations in the Domestic

Fixed-Satellite Service.... A reduction was proposed in the

geostationary orbital space from 4 degrees to 2 degrees between
satellites operating in the 4-6 GHz bands, and in spacing from 3 degrees

to 2 degrees between satellites operating in the 12-14 GHz bands. A

2The Office of the Manager of the National Communications System
(NCS) responded to the White House memorandum of !5 November 1979
(Presidential Directive PD-53) on National Security Telecommunications,
listing the capabilities that the nation's telecommunications must
provide to support national security policy. To develop recommendations
to the President on national security and emergency preparedness and to
implement PD-53 and E012382, 13 September 1982, a National Security
Telecommunications Advisory Committee (NSTAC) has been organized. The
manager of NCS serves as the chairman of NSTAC; members are presidents
and chief executive officers of the communication carriers, selected
manufacturers, and computer services. Principal areas of study are
industry-wide response to national telecommunications needs, joint
network planning, commercial telecommunications system survival,
automated information processing, and security and survival.
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3-dB improvement in earth station antenna sidelobe gain standards and a
10-dB cross-polarization isolation standard for small off-axis angles
are also proposed. Thcse changes should provide spacing for 37
additional U.S. sate’ _:s in the orbital arc from 55 to 143 degrees
west longitude in the combined frequency bands. Station keeping of + .1
deg for commercial satellites at geostationary orbit assignments is
practiced by U.S. systems and is based on requirements of fixed earth
station antennas.

The FCC has recently (April 27, 1983) adopted the proposed reduced
satellite orbital spacing criteria for 4-6 and 12-14 GHz bands.[5]

Since the launch of Sputnik I in October 19537 with its simple
telemetry transmissions, there has been a large growth in deploymei. of
spaceborne elements. These elements include satellites with active and
inactive payloads, and burned-out rocket motors and other debris
associated with the launch or breakup of payloads or rockets.

At the end of calendar year 1982 13,752 objects in space had been
catalogued by NORAD, and 8,973 objects had decayed.[6] NORAD is
currently maintaining tracks on 4,779 objects of which approximately
1,228 are satellites with active and inactive payloads (payloads in
orbit: USSR 690, U.S. 431, others 107). The population on
geostationary orbit includes 160 satellites with payloads plus 60 large
objects. Table 1 lists the USSR, U.S. and other international satellite

launches and decay for the years 1975 to 1983.

Table 1

LAUNCH (L) AND DECAY (D) RATES FOR SATELLITES WITH PAYLOADS

1975 1976 1977 1978 1979 1980 1981 1982

L D L D L D L D L D L D L D L D

USSR 89 41 105 47 95 48 79 61 88 57 88 75 123 57 101 47
U.S. 30 6 27 6 23 3 30 4 17 5 13 4 17 18 18 5
Other

nations 18 4 13 3 8 1 6 2 6 4 4 7 17 5 2 1

A A T s SN LA

.
.
»
»
u

. eN
"



| POV

“

NA

. -

-t

. .

B )
LAY
i

Satellites with active and inactive payloads, and proliferation of
earth-orbiting manmade debris[7-11] resulting from burned-out or
exploded rocket motors and breakup of rocket bodies and payloads, make
up the orbital congestion problem. This orbital congestion suggests
there is a potential for signal interference and an injurious
environment for future spacecraft. As the number of satellites in orbit
increases, the probability of collisions between satellites increases.
Many of these satellites are in orbits that cross one another, producing
a finite probability of collisions, which in turn would produce orbiting
fragments which would again increase the probability of further
cellision.[7] This proliferation may become sufficiently dense that the
international and national space community may need to develop
capabilities to analyze, predict, and control probable collisions in
future space operations.

The objectives of this project are to design and develop
capabilities to predict and analyze potential signal interference and
saturation conditions in spectrum usage and orbital positions for
satellites with active, standby, and future payloads. Changes in
satellite orbital positions to avoid potential collisions can affect the
signal transmission and reception (up and down links/relays),
coordination of interference protection, and control of adjacent
satellites. Potential interference effects should be analyzed before
changes are made in international and national coordinated satellite
orbital positions (see Sec. II).

A program for assessment of space debris and probable collision
hazards is being sponsored in a 10-year program plan by the Space

Environment Office, Program Planning Office, NASA/Johnson Space Center.

Spacecraft Orbital Position Management Regulation

“,
il

The U.S. Air Force is preparing a regulation that describes gﬁ
procedures for management of spacecraft orbital positions.[12] It E:
contains procedures for resolving conflicts among Air Force/DoD %E
organizations responsible for developing, launching, and providing .i:
on-orbit support for spacecraft. The Aerospace Defense Center will be E@
the single point of contact for DoD orbital data products. ;;
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Maintaining acceptable distance between satellites is necessary to
reduce the probability of mutual radio frequency (RF) interference,
collateral damage in the event of a nuclear attack on another satellite,
and physical damage resulting from collision with another satellite
(active or inactive debris). The Air Force regulation on spacecraft
position management discusses each of these. Concentration of
satellites in a particular orbital region is an immediate concern at
geostationary altitudes where many space systems favor the same regions
of space for maximizing mission performance and earth segment access.
Conflicts among satellites at lower orbit, either in final or transfer
orbit, are more complex. These conflicts must be considered when
planning final orbit locations or satellite mancuvers.

Radio Frequency Interference. The International Telecommunication
Union (ITU) approves international registration of projected on-orbit
frequency assignments in accordance with established procedures. These
procedures provide international protection for registered frequency
channels. National and DoD regulations and procedures for space system
radio frequency management are discussed in Sec. II. The radio
frequency interference analysis capabilities which can be applied to
this regulation are discussed in Sec. III.

Nuclear Collateral Damage. Dependence of the United States on
space systems introduces the potential of enemy attack on space assets.
Space systems planning, deployment, and operations must consider
potential satellite attack. The Space Defense Operations Center
(SPADOC) at North American Air Defense Command/ADCOM/SPACECOM, Cheyenne
Mountain Complex, is responsible for warning of attacks and coordinating
spacecraft defenses. Nuclear collateral damage to spacecraft may result
from an attack on another spacecraft. The Joint Chiefs of Staff (JCS)
validate nuclear hardening requirements for systems used by the unified
and specified commands and publish guidelines for hardening military
satellites against the effects of nuclear weapons.

Physical Damage from Collision. The potential for collision
increases as more objects are placed in orbit. Some orbits, such as
geostationary, sun-synchronous, polar, and equatorial, offer particular

operational advantages, and lead to concentration of satellites in these
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orbital planes. At geostationary altitude active satellites maintain
fixed longitudinal positions; inactive satellites and debris generally
drift from or oscillate about stable positions. The advent of frequent
launches of the Space Transportation System (Shuttle) means that hazards
will increase at lower altitudes. The probability of collision of
spacecraft and debris will increcase as the number of space objects,

sizes of spacecraft, and on-orbit lifetimes grow. Future planning must

.f% ensure that the probability of collision is addressed and controlled.

oA If changes are required for satellites operating in orbit to avoid

‘;\ collision, prediction and analysis of RF spectrum interference with

.;j other satellites with active payloads should become an essential process

‘;tf and be stipulated in the Air Force Spacecraft Orbital Position

o Management Regulation.

f{_ Orbital congestion problems, involving position allocation, nuclear

E,E collateral damage, avoidance of collision with debris or other

:Zf satellites, and satellite repositioning, must be solved directly if

ool space systems are to avoid catastrophic failures. These debris and

: . collision avoidance issues are being treated by other projects, and

Nki there is an extensive literature.[6-11] These matters are not treated

‘Eij further in the text.

":' However, satellite repositioning may lead to spectral congestion

a;- problems if signals from the repositioned satellites can interfere with

;Q; signals from other satellites. These orbital-congestion-inducing :

2:; spectr«.-congestion situations should be treated by the procedures "
:‘: described in this report. :1

;& B. PROJECT OBJECTIVES %

::: The objective of this project is to design and develop a continuing i

ﬂ;g analysis program for space-related systems.[2] Specific objectives g
' include: g
: .;'»._'

:ﬁ? 1. Predicting and analyzing spectrum/orbital position requirements i
?{ and current and projected U.S. and international space-related 'i
- programs. %
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3. Identifying and analyzing intentional/unintentional
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electromagnetic interference.

4 .
a
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e 4. Predicting and analyzing saturation in spectrum/orbital hS
4 - -
e positions. =4
- 5. Supporting preparations for Air Force/U.S. requirements for ;ﬁ
! R
o space services for the World Administrative Radio Conferences L
v Ve
N (WARC) scheduled for 1985 and 1988.
o
o C. USER'S GUIDE TO REPORT
:;:: The analysis process required to meet the project objectives has
;i been developed and divided into seven functional categories:
oy
0!
A 1. Regulations and procedures for radio frequency management
‘-3 2. Cull and coordination
:L, 3. Cosite analysis
;‘ 4. Intrasystem electromagnetic compatibility (EMC) analysis
. 5. Intersystem EMC analysis
&
'f; 6. EM vulnerability analysis
o
iﬁ 7. Multipurpose treatments
‘If‘
o
. These categories separate the general scenario into specific areas which
:; are appropriate for investigation of particular problems. The analysis
2 of a complete system may be quite complex and several of the above
iy
e, categories may be involved. Some of the calculations may be conducted
= in parallel, and system or equipment design changes may force repetition
:; of parts of the signal interference study. We shall briefly describe:
od
3 the types of problems that would be included in each of the categories,
9. %
j and indicate which are the appropriate sections of the report.
e One of the first problems confronted by a systems designer is the
a choice of an operating frequency. 7Phis is governed by a set of
) j frequency management requirements. Section II reviews the technical

criteria, rules and regulations, and coordination procedures established

by the national and international radio frequency management agencies

for space systems. The structures, functions, and interrelations of the
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several agencies are described. International regulations which
determine the coordination of frequency allocations among neighboring
countries are referenced in Section II. The jurisdictions and
operations of the U.S. government agencies are discussed.

The computer programs that are used to treat the various problems
require an extensive data base. Section III.A describes the
electromagnetic spectrum data bases that will be used to store data on
present or future equipment that may be involved in electromagnetic
compatibility or interference studies. The proposed Space Systems Data
Base will be developed and maintained at the Electromagnetic
Compatibility Analysis Center (ECAC) in Annapolis. Appendix A presents
the prorosed form (somewhat simplified) which will be used to collect
these data.

Section III.B describes more than 20 computer programs and
associated analytical procedures which have been developed to
investigate the listed categories of problems. The presentation is on
an engineer's or user's level. The structure and problem-solving
capabilities of the programs are described.

Cull and coordination programs deal with coordination of frequency
assignments where signal paths may overlap international boundaries.
The ITU regulations require calculation of the areas within which
interference is possible, and the programs have been developed to
automate these calculations. The coordination may be between earth
stations associated with satellite systems and stations involving
terrestrial services (Sec. III.B.2.a), or between earth stations
associated with different satellite systems (Sec. B.2.b), and there is a
special set of coordination calculations involving ground mobile
satellite terminals (Sec. B.2.c).

Cosite analysis (Sec. B.3) is concerned with interference between
independent systems located in the same small geographic area. A number
of automated models calculate the linear and nonlinear couplings.

Intrasystem electromagnet ic compatibility analysis treats
compatibility within a system consisting of electrically interconnected
equipments and/or equipments in proximity, such as those within a single

aircraft, spacecraft, or ground station. General programs calculating

interference in wire-coupled or antenna-coupled systems are presented in
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B.4.a and B.4.e. Supporting programs determine interactions among wire
bundles (B.4.b), nonlinear circuit transfer functions (B.4.c), and
multiconductor transmission line interference (B.4.d).

Intersystem EMC analysis involves compatibility between systems
that operate remotely and are coupled by antennas. The links to be
treated are between satellites and ground terminals. The interference
may be uplink, when the transmission from a ground station is received
at a satellite other than that associated with that ground station, or
downlink, when a satellite transmits to stations other than the
designated receiver. The satellites may be divided into two classes,
geosynchronous and nongeosynchronous. The theoretical material for
analysis involving geosynchronous satellites is presented in Sec. B.5.a,
and computer programs implementing this theory are described in Secs.
B.5.b-e. Interference among nongeostationary satellites is analyzed in
Sec. B.5.f, a treatment original to the Rand authors, and computer
programs to evaluate such interference are in B.5.g and h. A computer
program which covers both orbit classes appears in B.5.j.

Electromagnetic vulnerability analysis pertains to the stressing of
networks rather than individual equipments. The stress may be jamming,
physical attack, or failure due to natural causes. Computer programs
calculate message statistics such as failure of completion, queueing and
preemption, and link and network error rates. Particular applications
include military satellite communications networks (B.6.a and B.6.b),
and command, control, and warning networks (B.6.c).

The final set of programs (Sec. B.7.a and b) are multipurpose, and
can calculate interference of intra-, cosite-, and inter-system types.

The separation into functional categories is basically geographic.
Interference may be between parts of the same equipment complex
(intrasystem), equipments at the same location (cosite), equipments at
different sites (cull and coordination), via satellite links
(intersystem), on complete networks (vulnerability), or several of these
(multipurpose). This brief description should indicate to the user
where he should look in the main text for more extensive detail on his

particular problem.
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The subject matter of Sec. III was initially provided by persons
from the companies or agencies where the analyses and codes were
developed. The material was then modified by the Rand authors to bring
all the material to approximately the same level of complexity. The
originating authors approved the :avised versions. For additional
information on particular programs, individuals to be contacted are
indicated at the end of each subsection.

We have not indicated a selection between competing models. In the
initial implementation phase of this program, choice among particular
analysis models and computer programs should be the responsibility of
the analyst who is investigating a specific problem. As this process
develops, preferences among models should emerge as indicated by
utilization.

Section IV describes related analyses for SPADOC and WARC, and Sec.

V contains conclusions and recommendations.

REFERENCES FOR SEC. |

1. Bond, F. E., and P. Rosen, [EEE Transactions on Communications,
Guest Editorial Introduction and Overview, Special Issue on
Satellite Communications, Vol. COM-27, No. 10, October 1979.

2. Hiebert, A. L., and A. F. Brewer, Transmission and Orbital
Constraints in Space-Related Programs: Project Description, The
Rand Corporation, N-1536-AF, August 1980.

3. IEEE Journal on Selected Areas in Communications, Special Issue on
Digital Satellite Communications, Vol. SAC-1, No. 1, January 1983.

4. "Notice of Inquiry and Proposed Rulemaking," Docket No. 81-704, 88
FCC 2d 318, 1981, Federal Communications Commission, Washington,
D.C., November 18, 1981.

5. Report and Order, CC Docket 81-704, FCC83-184, Released August 16,
1983, "In Matter of Licensing Space Stations in Domestic Fixed
Satellite Service and Related Revisions to Part 25 of the Commission
Rules and Regulations."

6. SPADOC Computationsal Center Satellite Catalog: January 1, 1983,
Space Operations Branch, Headquarters NORAD, Cheyenne Mountain
Complex, Colorado.

7. Kessler, Donald J., "Sources of Orbital Debris and Projected
Environment for Future Spacecraft," AIAA 80-0855R, Journal of
Spacecraft and Rockets, Vol. 18, No. &4, July-August 1981, pp.
357-360.

l
.t
.C




10.

11.

12.

- 31 -

Chobotov, V. A., "The Collision Hazard in Space," Journal of
Astronautical Sciences, Vol. 30, No. 2, July-September 1982, pp.
191-212.

Reynolds, R. C., E. E. Rice, and D. S. Edgecombe, '"Man-made Debris
Threatens Future Space Operations,'" Physics Today, September 1982,
pp. 9, 116-118.

Butts, J. J., and W. G. Bagnuolo, Satellite Collisions in the
Synchronous Belt, Aerospace Corporation, Report TOR-0082
(2071-011)-2, 15 January 1982.

Kessler, Donald J., Summary of the Orbital Debris Workshop,
IAA-82-254, presented at the 33rd International Astronautical
Congress, September 27-October 2, 1982, Paris, France.

Air Force Regulation 55/XY, "Operations, Spacecraft Orbital Position
S P
Management," Headquarters USAF, in preparation.

SIS

L N S L N LW
PO VORI NSNS AR A A A

-
»
-
K
.

AN



Y
S

b

'E
.

LAl

IR -~

2 &

¥

vy
P4

’ 4
-

Y
PAAS
F AP

4
/2

f:}

It. REGULATIONS AND PROCEDURES FOR RADIO FREQUENCY
MANAGEMENT RELATED TO SPACE SYSTEMS

The objective of the overall project is to design and develop a
continuing program for analyzing the current and future requirements for
the radio frequency spectrum, orbital positions, and earth stations, for
evaluating engineering and architectural designs, and for predicting and
analyzing the impact of intentional and unintentional electromagnetic
interference of space systems. The project was directed to comply with
technical criteria, rules and regulations, and coordination procedures
established by international and national radio frequency management
agencies. A brief review of these agencies and their functions should
provide useful information to the aerospace industries which develop
space systems and provide much of the technical data involved in the RF
spectrum management process.’

Technical and administrative coordination is essential in space
communications.[1-4] Transmissions from spacecraft can cover wide
geographical areas depending on altitude and orbital periods. A
satellite in low earth orbit passes regularly over many international
boundaries. A satellite placed in geostationary orbit (approximate
altitude of 35,000 km) can transmit signals to 40 percent of the earth's
surface 24 hours a day. In these areas or coverage zones the
frequencies used by the space services must be allocated through
technical analysis and coordination to avoid interference with other
space and terrestrial services. The agencies that were established to
provide this service and to manage the terrestrial use of the RF
spectrum now include space systems. The regulations and procedures for

space-related systems are discussed below.

!The technical data requirements are documented in DD Form 1494,
"Application for Frequency Allocation," and the USAF Standard Action
Frequency Format (SAFF), "Application for Frequency Assignment' (copies
of these forms can be obtained from the Frequency Management Offices of
the USAF Product Divisions), and FCC Form 130 series B, C, D, E, the
revised space radio communication, earth and space stations,
notification forms (copies of the FCC forms are available from the
Federal Communications Commission, Office of Science and Technology,
Spectrum Management Division, Treaty Branch, Washington, D.C. 20554).
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A. INTERNATIONAL FREQUENCY MANAGEMENT: INTERNATIONAL
TELECOMMUNICATION UNION (iTU)

A.1 ORGANIZATION AND FUNCTIONS

The International Telecommunication Union is a specialized agency
of the United Nations, with its own voluntary budget, specializing in
coordination of telecommunications. The ITU is an organization, a
union, of member countries. At present there are 158 member nations.
Each nation, irrespective of size, population, or economic posture,
carries a single vote in coordination or conference proceedings. The
ITU headquarters is located at Place des Nations, CH-1211, Geneva 20,

Switzerland.

Purpose

The purpose of the ITU is to facilitate improved efficiency and
understanding in the worldwide use of telecommunications. It exists to:
(a) maintain and extend international cooperation for the improvement
and rational use of telecommunications of all kinds; (b) promote the
development of technical facilities and their most efficient operation
with a view to improving the efficiency of telecommunication services,
increasing their usefulness and making them, so far as possible,
generally available to the public; (c¢) harmonize the actions of nations
in the attainment of those common ends.

In particular, the Union: allocates the radio frequency spectrum
and registers radio frequency assignments in order to avoid harmful
interference between radio stations of different countries; coordinates
efforts to eliminate harmful interference between radio stations of
different countries and to improve the use made of the radio spectrum;

fosters collaboration among its members to establish rates at levels as
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account the necessity for maintaining independent financial
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administration of telecommunication on a sound basis; fosters the
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creation, development, and improvement of telecommunication equipment
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and networks in new or developing countries by every means at its

! disposal, especially in participation in appropriate programs of the
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Fﬁ United Nations; promotes the adoption of measures for ensuring the
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safety of life through the cooperation of telecommunication services;

and undertakes studies, makes regulations, adopts resolutions,

o
s,
]
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formulates recommendations and opinions, and collects and publishes
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N

information concerning telecommunication matters for the benefit of all
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members.
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The ITU compiles and publishes Radio Regulations, Vol. I, which

! .','};' P R N | ,.f.

,A_
R
0

a's’a

includes the international Table of Frequency Allocations, and Vol. 11,
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Appendices to the Radio Regulations, Resolutions, and

At

Recommendat ions. [5]

Structure of the Union

The structure and organization of the ITU consists of:

a. The Plenipotentiary Conference--the supreme organ of the Union;
b. Administrative Conferences;
c¢. The Administrative Council;

Permanent organs of the Union:

- the General Secretariat;

- the International Frequency Registration Board (IFRB);

- the International Radio Consultative Committee (CCIR);

- the International Telegraph and Telephone Consultative
Committee (CCITT).

PR
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a. Plenipotentiary Conference. The Plenipotentiary Conference,

which nominally meets every five years, is composed of delegations

Te
W 3

representing members. Such conferences determine the general policies

AN .- 4

of the Union, review reports of the Administrative Council, establish

. e
«

the basis for the budget of the Union, supervise the financial aspects

’ a
U

of the Union, elect the members of the Union which are to serve on the

e,
-t

Administrative Council, as well as all the elected officials, the

[

members of the IFRB and Directors of the CCls, and revise the ITU

Convention as considered necessary. Additionally, the Plenipotentiary

s

Conference concludes or revises, as necessary, agreements between the

Union and other international organizations.
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b. Administrative Conferences. There are two kinds of
administrative conferences held by the members of the Union: world
administrative conferences and regional administrative conferences.?

The agenda of a world administrative conference may include the partial
revision of the Administrative Regulations (Telegraph Regulations,
Telephone Regulations, Radio Regulations), the documents which govern
the international operation of the three modes of communication,
exceptionally, the complete revision of one or more of these
regulations, and any other question of a worldwide character within the
competence of the conference.

The agenda of a regional administrative conference may provide only
for specific telecommunication questions of a regional nature, including
instructions to the International Frequency Registration Board on its
activities in the region concerned, provided such instructions do not
conflict with the interests of other regions. Furthermore, the
decisions of such a conference must conform with the provisions of the
Administrative Regulations.

¢. Administrative Council. The Administrative Council is composed
of 41 members of the Union elected by the Plenipotentiary Conference.

It normally meets for about a month once a year at Union headquarters in
Geneva and at these formal sessions acts for the Plenipotentiary
Conference between the latter's meetings. It supervises the
administrative functions and coordinates the activities of the four
permanent organs at ITU headquarters and examines and approves the
annual budget.

d. Permanent Organs of the Union: The General Secretariat. The
Secretary-General directs the General Secretariat and is responsible to

the Administrative Council for the administrative and financial aspects

2An ITU Space Extraordinary Administrative Radio Conference was
held in 1963, recognizing the need for accommodating space services.
The continued growth in space services led to convening of a World
Administrative Radio Conference on Space Telecommunications (WARC) in
1971. An ITU Plenipotentiary Conference held in 1973 established the
requirements of the General WARC of 1979, which included additional
space-related issues. The 1979 WARC established Resolution Number 3,
"Relating to the Use of the Geostationary Satellite Orbit and to the
Planning of Space Services Utilizing It." Future schedules have been
adopted for 1985 and 1987 for space services WARC.
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of the Union's activity. He coordinates the activities of the permanent
organs of the Union, organizes the work of the General Secretariat,
undertakes the secretarial work preparatory to, during, and following
conferences of the Union, and prepares an annual report on the
activities of the Union which, after approval by the Administrative
Council, is transmitted to all members. The General Secretariat
assembles international telecommunication data that are published for
the benefit of telecommunication engineers and operating authorities.
There are lists of radio stations and telegraph offices throughout the
world, statistics, maps, charts, tables, and a monthly Telecommunication
Journal .

The International Frequency Registration Board (IFRB). The
International Frequency Registration Board effects the orderly recording
of frequency assignments made by the different countries to establish,
in accordance with the procedure provided for in the Radio Regulations,
the date, purpose and technical characteristics of each of these
assignments, to ensure formal international recognition thereof. It
also furnishes advice to members on the operation of the maximum
practicable number of radio channels in those parts of the spectrum
where harmful interference may occur, and performs additional duties on
the assignment and use of the frequencies as may be prescribed by a
conference of the Union or by the Administrative Council with the
consent of the majority of the members. Essential records are
maintained. The information is recorded in the Master International
Frequency Register for international recognition and protection. An
average of more than 1200 frequency assignment notices, covering new
assignments or changes to existing assignments are processed each week.

Among the other major tasks of the IFRB are participation at
government request in the obligatory intergovernmental coordination of
the use of frequencies involving space techniques prior to their
notification for recording in the Master Register, the orderly recording
of the positions assigned by countries to geostationary satellites to

ensure formal international recognition thereof, and the technical

preparation of radio conferences.
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The data recorded in the IFRB's Master International Frequency
Register are published periodically in International Frequency Lists.
The IFRB also prepares for publication a monthly Summary of Monitoring
Information showing the precision with which radio stations keep to
their assigned frequency, their strength of reception, and observed
times of operation.

International Radio Consultative Committee (CCIR). The CCIR studies

URANS
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technical and operating questions relating specifically to radio

X
~

communication and issues recommendations. To carry on the work of the

CCIR and prepare for Study Group Meetings and CCIR Plenary Assemblies,
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U.S. Working Groups are formed to parallel the International Study

Groups. These groups, together with an Executive Committee chaired by

T
A ST

the Department of State, constitute the U.S. Preparatory Committee for

t

the CCIR. These groups develop study programs, recommendations, and

AI
IO

reports which, upon approval by the Executive Committee and the

o
4

{‘I‘:"(_‘n

Department, are sent to the CCIR Director and International Chairman of
the relevant Study Group.

The United States participates heavily in the CCIR and in recent
meetings has contributed more papers than any other Administration.
Numerous individuals in the United States are involved in the

preparatory work for Plenary Assemblies and other associated meetings.

International Telegraph and Telephone Consultative Committee

(CCITT). The CCITT studies technical, operating, and tariff questions

-

relating to telegraphy and telephony and issues recommendations. The
preparatory work for Administrative Telegraph and Telephone Conferences

is essentially the same as for Administrative Radio Conferences, except

BT SRR

that fewer representatives from the government and industry are
involved.
The two CCIs are separate bodies dealing respectively with

technical radio problems and technical telegraph and telephone problems.
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All member countries of the Union can participate in their work, as well
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as certain private companies operating telecommunication services and
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certain scientific and industrial organizations having related

interests.
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Each CCI holds a Plenary Assembly every four years. The Plenary
Assembly draws up a list of technical telecommunication subjects or
"questions," the study of which would lead to improvements in
international radio communication or international telegraphy and
telephony. These questions are then entrusted to a number of Study
Groups, composed of experts from different countries. The Study Groups
iraw up recommendations which are submitted to the next Plenary
Assembly. If the Assembly adopts the recommendations, they are
published. CCIR and CCITT recommendations have an important influence
on telecommunication scientists and technicians, operating
administrations and companies, and manufacturers and designers of

equipment throughout the world.

Related International Bodies

In addition to the ITU, other international bodies and
organizations such as the Intergovernmental Oceanographic Commission
(IOC) of UNESCO, the World Meteorological Organization (WMQO), the
International Civil Aviation Organization (ICAO), and the International
Maritime Organization (IMO) treat items bearing on the use of the radio
spectrum. At the international level, coordination with these bodies is
effected by the ITU and its organs. Coordination with NATO/SEATO is

effected through Department of State and/or military channels.

Multilateral and bilateral agreements are undertaken through the
Department of State and implemented by the affected interests--Defense,
NASA, or other.

Effect of International Growth

Since the close of World War II, advances in radio technology have
exceeded expectations. The trend in the use of communications-
electronics is illustrated by the growth in the ITU from 78 members in
1947 to 158 members in 1983. The resultant increased need for
information exchange among peoples of all nations has been met by
expansion of communication facilities and improvements in intelligence-
handling capabilities--higher capacity in both video and data, and

satellite technology. New concepts such as radar, airborne navigational
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aids, and ocean data sensors have come into increased use throughout the
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world. The resultant proliferation in the use of communication-

-
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;tc- electronic devices has increased the importance of the role of the ITU
'Si in ensuring maximum practicable use of the radio spectrum.
R A.2 ITU RADIO REGULATIONS RELATED TO SPACE SYSTEMS
f:: The current edition of the Radio Regulations is published under the
;E authority of the Secretary-General of the Internatiomnal
- Telecommunication Union.[5] The consolidated document incorporates, in
:¢_ Vol. I, the provisions of the Radio Regulations (Geneva, 1979) and Table
? of Frequency Allocations and, in Vol. II, the Appendices thereto, as
vi- well as the Resolutions and Recommendations adopted by the World
- Administrative Radio Conference, Geneva, 1979.
It should be noted that not all allocations listed in the Table of
:? Frequency Allocations have universal geographic application. The ITU
;ﬁ geographical areas have been divided into three regions, as shown in
- Fig. 1. Frequencies may be allocated for different applications in each
$:J region.
2: The principal Appendices to the ITU Radio Regulations, Resolutions
f? and Recommendations (1982 Edition, Ref. 5) related to space systems
- include:
» Appendix 3: Notices Relating to Space Radio Communications and ;:
:'2 Radio Astronomy Stations "-
é} Appendix 4: Advance Publication Information to be Furnished é.
.{i for a Satellite Network {:
:4 Appendix 28: Method for the Determination of the Coordination o
L:: Area Around an Earth Station in Frequency Bands Between 1 GHz Sf
= and 40 GHz Shared Between Space and Terrestrial -
- Raliocommunication Services :ﬁ
'5; Appendix 29: Method of Calculatjon for Determining if 5‘
E; Coordination is Required Between Geostationary-Satellite i.
. Networks Sharing the Same Frequency Bands ‘:
[T}
_;5 (Excerpts of the provisions related to space systems have been reprinted :ﬁ
.;: in Ref. 6.) S‘
A
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B. NATIONAL FREQUENCY MANAGEMENT

There are two government agencies responsible for assignment and
control of frequencies in the United States: the Federal Communications
Commission (FCC) and the National Telecommunications and Information

Administration (NTIA).

B.1 FEDERAL COMMUNICATIONS COMMISSION (FCC)

The FCC under direction of the Legislative (Congressional) Branch
regulates frequencies assigned to nonfederal users. The Communications
Act of 1934, as amended, vests in the Federal Communications Commission
responsibility for the regnlation of nongovernment interstate and
foreign telecommunication, including the assignment of space in the
radio frequency spectrum among private users, regulation of the use of
that space, and authorization of alien amateur operators, licensed by
their governments, to operate in the United States under reciprocal
arrangements. FCC-regulated frequencies may be available to U.S.
Government users with sufficient justification and on an individual
request, secondary, non-interference basis.

Volume Il of the Rules and Regulations of the Federal
Communications Commission contains general rules concerning use of the
radio spectrum, including frequency allocations, treaties and other
international agreements, emission designations, and radio equipment
authorization procedures. In particular, the Table of Frequency
Allocations specifies the frequency bands that can be used by each of
the nongovernment radio services regulated by the Commission. Detailed
operating rules, technical standards, and licensing procedures for
individual radio stations in each radio service are published in other
parts of the rules.

Volume VII of the Federal Communications Commissions Rules and
Regulations[7] contains all the rules concerning domestic public radio
services (other than maritime mobile), international fixed public radio
communication services, and satellite communications. Part 25 of the

Rules and Regulations covers satellite communications.
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! With respect to the use of the radio spectrum for satellite ;‘f
) .
. communications, Part 25 contains definitions, available frequencies, TN
" . . . . . o
- sharing criteria, frequency coordination procedures between earth e
3 .- .\.'
L stations and terrestrial stations, and an antenna performance standard.? e

The technical bases for these rules are derived from the international

:j Radio Regulations, but their application is tailored to the domestic

. U.S. regulatory and industry environment. For example, the coordination
ES distance contours used in the earth station/terrestrial frequency

i coordination process are based on Appendix 28 of the international Radio
‘i Regulations. However, certain parameters, such as the number of assumed
o interference entries or the maximum permissible interference level, are

adjusted to reflect domestic applications. Similarly, the earth station

antenna performance standard is based on CCIR Recommendation 365, but is

kY
! somewhat more stringent because of the more intensive spectrum use in
::: this country.
A .
o In frequency bands shared co-equally by space and terrestrial
A
i services, a frequency coordination procedure is specified in Parts 21
1
T and 25 of the rules. This frequency coordination procedure was first
'3 developed to resolve frequency conflicts between terrestrial operators
;:f in 1970, and was extended to include earth station operators in 1973.
. Each applicant for either a terrestrial or earth station license must
v complete this process before filing an application with the Commission.*
‘ After coordination has begun for a particular station, each new
o applicant, whether terrestrial or earth station, must protect previously
coordinated stations. This procedure is mandatory for all transmitting
A facilities since they must be licensed by the Commission. Licensing of
: receive-only earth stations is optional. However, protection from
v
=~ interference is afforded only to those receiving earth stations which
S 3Part 25 also contains regulations which do not deal with radio
.c: frequency management.
e “In practice, a number of private consulting companies do the
. actual frequency coordination as agents for the applicants. This
- includes generation of the coordination coutour, search of the data
base, notification to affected operators, ex.hange of interference
analyses with other spectrum users, final reports, and ongoing responses
; to coordination requests of other users.
L
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are licensed after frequency coordination has been successfully
completed.
The authorization of space stations generally consists of three

elements:

1. The construction permit which authorizes the building of the
satellite and specifies the technical parameters of the
satellite (basic regulatory issues, such as the qualifications
of the licensee, are also resolved at this stage).

2. The launch authorization which authorizes the launch of the
satellite and assigns the orbital location at which it is to be
operated.

3. The radio station license.

In 1980, the three elements were combined into a single authorization
step for most satellite authorizations.

After the Commission issues construction authority, it assigns
orbital locations to particular satellites. Although specific orbital
locations are requested by the applicants, the Commission assigns
orbital locations to best serve the public interest after evaluating the
arguments of the applicant and the opposition, if any, to the
applicant's request. In determining the orbital location assigned to
any particular satellite, the Commission takes into account the other
orbital locations assigned to the applicant, the nature of the services
to be offered, traffic volume and coverage requirements, other pending
requests, and the location and status of satellites already in service.
The announced plans of other countries and INTELSAT satellites must also
be taken into account through the frequency coordination procedures
required by the ITU Radio Regulations. This approach has been followed
to avoid the need for comparative hearings between applicants who might
request the same orbital location.

Because of the increasing complexity of this task for domestic
satellites, the Commission has recently evaluated applications on a
group rather than on an individual basis. Thus, for example, the
Commission adopted an orbit deployment plan in 1980 for over 20 domestic

satellites then in orbit or scheduled for launch by 1985. The
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Commission is also engaged in a rulemaking proceeding to reduce orbital

!

Sy

spacings between domestic satellites from 4 deg to 2 deg at 4-6 GHz and

o« a

from 3 deg to 2 deg at 12-14 GHz.[4, Sec. I] The earlier and larger

OO

« e

orbital separations were based on orbital compatibility studies in the

[
PP

early to mid 1970s, which had somewhat conservative assumptions. The

A2l

current orbital spacing studies under review at the Commission span a
wide range of services and facilities and are employing more
sophisticated analytical techniques to evaluate the feasibility of
reduced spacings and calculate interference levels. More stringent
control of earth station sidelobe levels and greater reliance on
polarization isolation is also being proposed. Thus, if these

reductions in orbital spacings are ultimately adopted by the Commission,

e Y L

orbital and frequency management of domestic satellites will become
significantly more complicated. New or more detailed standards and
coordination procedures might be required.

The Satellite Radio Branch, Federal Communications Commission,
Washington, D.C. 20554 can provide additional documentation and
information on FCC regulations and procedures for radio frequency

management related to space systems.

B.2 NATIONAL TELECOMMUNICATIONS AND INFORMATION
ADMINISTRATION (NTIA)

The National Telecommunications and Information Administration
(NTIA), an agency of the U.S. Department of Commerce, is responsible for
the assignment and use of frequencies by U.S. government agencies. NTIA
is under the direction of the Executive Branch through the Assistant
Secretary of Commerce for Communications and Information, and publishes
the Manual of Regulations and Procedures for Federal Radio Frequency
Management .[8] Within the Government, the Interdepartment Radio
Advisory Committee (IRAC) assists the NTIA administrator in developing
and executing policies, programs, procedures, and criteria coucerning
allocation management and use of the spectrum. The NTIA manual also
includes the ITU International and National Table of Frequency
Allocations. The manual is issued by the Assistant Secretary of
Commerce for Communications and Information and is specifically designed
to cover his frequency management responsibilities. Its contents are

based on the advice of the Interdepartment Radio Advisory Committee.
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R Within the jurisdiction of the U.S. government, use of the radio

frequency spectrum for radio transmissions shall be made by government

}$ stations only as authorized by the Assistant Secretary. Such use must
ié comply with the provisions of the manual.

o The Communications Act of 1934, as amended, provides that radio

~ stations "belonging to and operated by the United States' shall use

:;i frequencies as assigned by the President. The Act empowers the

jk? President to authorize foreign governments to construct and operate

i ) radio stations in the fixed service (between fixed points) at the United
:,. States seat of government, and to assign them frequencies.

fﬁ The President in 1977 and 1978 delegated to the Secretary of

:t Commerce authority to act {our him in the discharge of certain of his

it telecommunication functions under the Communications Act of 1934 and the
:S Communications Satellite Act of 1962. The Secretary of Commerce in turn
>

delegated this Presidential authority to the Assistant Secretary of

2o

Ay
S
IR

Commerce for Communications and Information (Administrator of the

-

National Telecommunications and Information Administration). The

Assistant Secretary discharges his radio communication and frequency

>

management functions as the Administrator of NTIA with the aid of the
Interdepartment Radio Advisory Committee and the Frequency Management
¢ Advisory Council (FMAC).

The IRAC, under the NTIA Chairman and Executive Secretary, provides
the major forum for the review processes necessary for each frequency
allocation and assignment. The IRAC is now composed of representatives

of the Department of Agriculture; Army; Air Force; Commerce; Energy;

Health and Human Services; Interior; Justice; Navy; State, Treasury; the

(]

;3 Coast Guard; the Federal Aviation Administration; Federal Emergency

~: Management Agency; the General Services Administration; the National

"

.. Aeronautics and Space Administration; the National Science Foundation;

-

J: United States Information Agency, U.S. Postal Service, and the Veterans

i Administration. The FCC is not a member of the IRAC; however, the

. Commission has designated an FCC liaison representative to the IRAC to

4

‘j work with the IRAC and its subcommittees. The officers of the IRAC and

-

- the chairman of its subcommittees are appointed by the Assistant =
e
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The IRAC substructure consists of the Frequency Assignment

Subcommittee (FAS), the Spectrum Planning Subcommittee (SPS), the Space 54
Systems Group (SSG)® subgroup of the SPS, the Technical Subcommittee

(TSC), the International Notificaticn Group (ING), and the secretariat.

The FAS membership consists of a representative appointed by each éé
of the IRAC member departments and agencies. It assigns and coordinates
radio frequencies and develops and executes relevant procedures.

The SPS is responsible to the IRAC for planning for the use of the
electromagnetic spectrum, including the apportionment of spectrum space
for established or anticipated radio services, and apportionment among
government and nongovernment activities. It maintains continuing
appraisal of current and future needs of various radio services and
recommends changes in the Table of Frequency Allocation.

The Space Systems Group (SSG) of the IRAC's Spectrum Planning
Subcommittee is the focal point for the federal agencies to submit data
on their space networks to the International Frequency Registration
Board (IFRB) of the ITU and to comment on the networks of other
administrations. The SSG initiates the advance publication,
international coordination, and notification of government space systems
under the provisions of the ITU Radio Regulations and reviews and
responds to the data furnished by other administrations and the IFRB
regarding proposed space systems. In essence, the data submitted to the
IFRB on U.S. space systems provide a basis for the protection of U.S.
satellite frequency assets. Similarly, data obtained via the IFRB from
other countries on their proposed satellite systems provide the United
States the basis for determining possible interference with U.S. space
systems.

The information in Appendices 3 and 4 of the ITU Radio Regulations
discussed earlier is furnished to the SPS in accordance with the
instructions appearing in Part 8.3 of the NTIA Manual.[8]

The information in Appendix 4 is furnished to the SSG in accordance

with the instructions in the current Manual of Instructions for

®*The terms of reference for the SSG and amendments to the NTIA
Manual are included in Ref. 8. For further information, contact Mr. W.
D. Gamble at NTIA, Washington, D.C. 20230.
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notifying U.S. Radio Frequency Assignment Data to The International
Frequency Registration Board. The Appendix 4 data are provided to the
SS5G at the same time as the request for System Acquisition Stage 2
(Experimental Research or Exploratory Development) Systems review

approval and is not normally transmitted to the IFRB for advance

publication until Stage 2 approval has been granted or earlier if

sufficient information is available. .
The information in Appendix 3 is furnished to the SSG in accordance .}
with the instructions in the current Manual of Instructions for ;j

Notifying U.S. Radio Frequency Assignments Data to The International
Frequency Registration Board. The Appendix 3 data are provided at the
same time as the Systems Acquisition Stage 3 (Advanced or Engineering

Development) Systems Review approval request. After Stage 3 approval,

the required coordination is initiated. Notification of frequency

"l
atals
[

ﬁj;;:gltﬁi}f;

assignments to the IFRB is made after Stage 4 approval has been granted

t

and any required coordination has been accomplished. Operational

. /.‘4.’71'

frequency assignments will not normally be granted until notification
has been initiated.

Before Stage 2, 3, or 4 (Operational) support is granted by the
SPS, the SSG must indicate that the appropriate Appendix 3 or 4 data

t
o 2

AU A
2

have been submitted and reviewed.

The SSG of the SPS will review the information and:

a0
A._l:_

| L

Notify the SPS that the required data are on file. a:

Request the Chairman of ING to submit the appropriate data to ;S

the IFRB or to other administrations under the provisions of o

Articles 8, 11, 13 and 14 of the ITU Radio Regulations. {3

=

The Technical Subcommittee is concerned with technical aspects of ;E

the electromagnetic spectrum, including standards, propagation Eg
techniques, side effects, and EMC capabilities. The International ti
Notification Group prepares responses to the ITU concerning éj
questionnaires and other correspondence related to notification of U.S. ;
frequency assignments. National frequency coordination and assignments ?;
are effected as follows: i;
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Each government agency decides, in the light of policies, rules,
regulations, frequency allocations, and availability of frequencies, the
radio communication that is needed to carry out its mission. The agency
makes the necessary technical studies, selects possible frequencies,
coordinates the selection with other agencies involved, and prepares and
files an application with the Executive Secretary of the IRAC.

The FCC liaison representative to the IRAC submits memoranda
requests on nongovernment usc of frequencies in shared bands, and in
other bands where he considers there might be an impact on or from
government operations.

The IRAC Secretariat, using a combination of computer and manual
procedures, screens the application for accuracy, completeness, and
compliance with procedures. Applications that have been screened and
accepted are processed for the agenda of the Frequency Assignment
Subcommittee. A computer program arranges the agenda in frequency
sequence and assigns a docket number to each application for
identification and reference. The application particulars are included
in a weekly agenda section which is distributed to each agency and the
FCC for study. The National Telecommunications and Information
Administration reviews the government applications to ensure adequate

justification, compliance with policy and regulations, technical

appropriateness, probability of major problems, and whether there is a
conflict with radio authorizations of nonmembers of the IRAC.

Each month the FAS and FCC consider pending items and take agreed
action within policy guidance. When policy guidance is needed and
agreement cannot be reached, the IRAC directs, or an agency requests,
that applications be referred to the Director for Spectrum Plans and
Policies, NTIA, who resolves them or refers them to the Assistant
Secretary for decision. Decisions of the Assistant Secretary relating
to frequency assignments may be appealed to the Office of Management and
Budget.

Matters of considerable importance, such as changes in the Table of
Frequency Allocations, significant government use of nongovernment
frequency bands, and advice to the Department of State, are recommended

by the IRAC to the NTIA for consultation with the FCC or other
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appropriate agencies. Changes in either the Table of Allocations or

frequency assignments which could adversely affect the public sector

;:{& must be published by the FCC in the Federal Register for comments by the
f;: public. Although some government applications are not reviewed or
:;3 examined in public for security reasons, the public is represented by
the FCC liaison representative.
Eﬁ As soon as possible after each FAS meeting the IRAC Secretariat
:BQ prepares the FAS minutes and submits them to the NTIA for approval.
v%ﬁ After approval, the IRAC Secretariat updates the Government Master File,
s from which it prints the list of Frequency Assignments to Government
A Radio Stations. The list is distributed to the agencies each month on
l¢s microfiche.
j*E International frequency coordination is carried out through the
;:‘ International Telecommunication Union. Usually bilateral coordination
?; is performed under the Rules and Regulations with FCC acting as
;E interface between government agencies and foreign administrations.
'{3 Preparation of U.S. government positions to international radio
. conferences, formulation of government telecommunication policy advice
’E; to the Department of State, advice and assistance in coordination with
»ii other countries, where not a function of the FCC; and guidance for
'4? implementing U.S. telecommunication treaty obligations with respect to

government operations usually originate in, or are carried out in, the
IRAC. Recommendations of the IRAC are reviewed by the NTIA and, if
satisfactory, are coordinated with the FCC. The FCC conducts parallel

rule-making procedures that may be required. The FCC and the NTIA then

make their recommendations to the Department of State for international

; projection. :q
: j Officials from the NTIA, the FCC, and other government agencies ;@
: having responsibilities on the subject under consideration serve as :3
= members of U.S. delegations to international telecommunication 53
'i conferences. In addition, private individuals may serve as advisers to ii
2y U.S. delegations. Ej
33 To ensure compliance with the provisions of the ITU Radio :i

Regulations, any government agency intending to establish a satellite ,J

ﬁ system must provide to the IRAC's Spectrum Planning Subcommittee the ;i
{f details contained in Appendix 4 of the 1982 edition of ITU Radio ii
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Regulations, for each satellite network within the planned satellite
system, including changes in the technical characteristics and the
employment and deployment of satellite stations.

Instructions for providing the information required by the ITU,
Appendix 4, are contained in the Manual of Instructions for Notifying
U.5. Radio Frequency Assignment Data to the International Frequency
Registration Board IFRB.

The Notification Manual is currently being reviewed and
appropriately revised by the International Notification Group (ING) of
IRAC in coordination with the Spectrum Planning Subcommittee (SPS) of
IRAC to align it with the decisions of the World Administrative Radio
Conference, Geneva, 1979. The IFRB was charged by WARC-79 with
developing the various forms of notice to meet fully the statutory
provisions of Appendices 1 and 3 of the Radio Regulations. The
development of the forms has been performed in conjunction with the

study and design of an integrated system for the extended use of the

computer by the IFRB. Consequently, the IFRB was greatly delayed in
providing revised forms to ITU administrations. This, of course, has b

delayed the U.S. review and revision effort.

LRI

The revised space radiocommunication station notification forms;

Transmitting Earth Station - FCC Form 130-B
(formerly 130-E)

Receiving Earth Station - FCC Form 130-C
(formerly 130-4)

Transmitting Space Station - FCC Form 130-D
(formerly 130-S)

Receiving Space Station - FCC Form 130-E
(formerly 130-B)

are presently in the forms management review process leading to their
printing. When the Notification Manual is finalized, including examples
of the various forms, it will be submitted to IRAC for formal adoption.
Subsequent to IRAC approval, NTIA will arrange to have the Notification

Manual published. Copies are distributed to all member agencies of

K3 ‘- 0 ‘-‘ PR o _-. e 'v. .-‘ . ) ‘_‘\ .g".. VAR .-.. .. '._. .-._. - -‘_- ._.. .. ‘..‘-,... R “...-“.\ \-.\-;_. ~ W%




9 g

- 51 -

IRAC in the quantity they request in order tc meet their internal

needs and those of companies providing contract services. The companies
providing such services should bring to the attention of the contracting
agency the number of copies needed in order that a sufficient number
will be initially printed. Additional copies will be furnished on a
case-by-case basis by NTIA or the FCC. Copies of the notification forms

will be available from the FCC.®

B.3 NATIONAL AERONAUTICS AND SPACE ADMINISTRATION (NASA)

The National Aeronautics and Space Administration Associate
Administrator for Space Tracking and Data Systems is, among other
things, responsible for all frequency management activities inside
NASA.”7 Frequency management is delegated to the Director of
Communications and Data Systems, HQ NASA, Code TS, Washington D.C.
20456,

The Director of Communications and Data Systems is directly
responsible for all NASA activities associated with the preparation of
material for U.S. inputs to the ITU/WARC/CCIR, with two of his senior
staff responsible for NASA frequency allocation and NASA frequency
assignment, respectively. These personnel are located at NASA

Headquarters in Washington, D.C., and their responsibilities encompass:

Representing NASA at the IRAC, SPS, FAS, and other committees.
Liaison with the Department of Defense, FCC, and foreign space
agencies.

c. Consultation and assistance with all NASA project and program
offices.

d. Preparation for and participation in ITU/WARC/CCIR activities.

®For further information, contact the Chairman, International
Notification Group, Mr. Paul E. Carroll, Federal Communications
Commission, Office of Science and Technology, Spectrum Management
Division, Treaty Branch, Washington, D.C. 20554.

NASA Management Instruction: 'Control of Radio Frequency
Transmission from Space Vehicles and Spacecraft,' NMI2570.B, December 9,
1977.
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e. NASA notifications to the IFRB.

J."'

f. Interagency consultation.

Ll e Tl T
)

g. Frequency management requirements for long-range planning.

The NASA Headquarters frequency management staff work closely with,
and oversee the activities of, the NASA frequency managers located at

the various centers.

NASA Frequency Management Definitions

Frequency Allocation is the process whereby a portion of the RF
spectrum is reserved for a particular use or service. (Allocation of a
band does not constitute authority to develop and build a system. This
is obtained after the NTIA system review procedures.)

Frequency Assignment is the authorization for the use of a
particular frequency. (When a frequency is assigned, the authorization

is the license to operate.)

Summary of NASA RF Management Policy

Frequencies should be selected to avoid or minimize radio frequency
interference (RFI). The aim should be for the maximum compatibility
consistent with national and international policy. Funds for any radio
frequency system must not be obligated until spectrum allocation support

is assured by the NASA Office of Space Tracking and Data Systems.

NASA Allocation and Assignment Process

Allocation. The center project manager consults the center
frequency manager to determine the availability of allocated spectrum
for use by his project. This request is passed to the NASA Headquarters
Frequency Manager, who ascertains availability. If confirmed, the
center frequency manager generates documentation to enable Headquartgrs
frequency management to submit to the SPS/IRAC a mission spectrum review.
and support request. On receipt of an SPS reply indicating spectrum
support, Headquarters forwards qualified guidelines for assignment

request to the center frequency manager.
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Assignment. The center frequency manager then obtains the detailed

o

frequency-associated parameters (e.g., radiated power, antenna gain,
beamwidths, modulation characteristics, etc.) along with
trajectory/position parameters and with the help of the program manager
completes the necessary paperwork for submission to NASA Headquarters
requesting assignment of specific frequency(s) for the project.

This package is then reviewed by the FAS/IRAC, which from the point
of view of operational compatibility represents all national users of
the spectrum. When approved by the FAS/IRAC, the assignment is
forwarded to the NTIA for official issuance, which constitutes a license

to operate.

NASA Space Research Satellite Frequency Selection

NASA is responsible for the frequency assignments for numerous
types of NASA systems such as aircraft radio communications, location,
and navigation as well as balloon, ship, and terrestrial fixed and
mobile services. These are handled the same as all other government
frequency assignments. A more detailed description of the practical
aspects of frequency assignment processes in obtaining an assignment for
a space research satellite follows.

Space research satellite missions fall into two main categories:

deep space missions and earth orbiting missions. Deep space missions

are few in number and usually operate compatibly or noncompatibly for

.
2

P

long periods of time. The periods are reasonably easy to predict during

.y

a mission planning stage. Earth orbiting missions are large in number

s

B4

and operate compatibly or noncompatibly for short periods of time. The

periods are predictable for a short time span for any particular date.

Frequency selection for the two cases are very different. Deep

space frequency selection is made only after exhaustive and detailed *i
analysis. Earth orbiting frequency selection is more by human judgment fﬁ
and coordination. :5
Deep Space Missions.® The process used to select frequencies for :;

deep space missions uses frequency, ephemeris, and other parameters :%
!

b0

I}

®ITU Regulation No. 169 defines deep space as space at distances
from earth approximately equal to or greater than the distance between
the earth and the moon. This definition can create problems for the
deep space network for lunar missions and spacecraft operating at or

P 4
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(" (radiated power, modulation) for all active and planned space
o stations.[9] For example, for any one frequency earth station tracking
N
{:: angles for all space stations on that frequency are determined for
%{ﬂ several years and compared. Wwhen the angles are sufficiently small
; between any two space stations they may be noncompatible. Frequencies
o are chosen so the noncompatible periods are minimized and will not occur
ﬂ:j at critical time periods (planet encounter) for any space station.
T The processes described in Ref. 9 apply to all U.S. deep space
‘ missions and also determine the optimum set of frequencies tfor Japanese,
European Space Agency (ESA) and U.S. plans for multiple spacecraft on
similar missions, resulting in several spacecraft with similar view
periods.
E—3 Reference 9 also depicts a frequency channelization proposal and

describes a set of parameters for interference analysis, and subsequent
channel selection, for a planned deep space mission. This rather
extensive coordination and analysis is necessary to ensure optimum
protection for the extremely weak deep space signals coupled with the
extremely sensitive earth stations, and is carried out prior to the
submission of an assignment request to NASA Headquarters, which cnsures
concurrence, both nationally and internationally, on the selected

frequency.

b o In spite of coordination and analysis, signal strength on earth
;2:2 from deep space can typically be six or seven orders of magnitude weaker
‘§} than signals from satellites in earth orbit. This means that an earth
S0

;f: orbiting satellite operating in a band adjacent to a band allocated to
_L?: deep space can interfere with reception of deep space signals. This
-i%{ interference is caused by modulation products which, although quite

,:%: weak, can extend out of band and still be greater in amplitude than a
.:’; signal from deep space. Such interference can be predicted by the Deep
;{ﬁ Space RFI Prediction Program (DSIP2) operated by JPL (see Sec.

\a? ITI.B.5.h). When the DSIP2 Program predicts interference, coordinition
e

:2: near the libration (Lagrangian) point. EE¥S¥£§ hAVv been anrtiared

within the CCIR and NASA (the Jet Propulsion Laboratory) to extend the
deep space definition to beyond lunar distance.
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rh is effected; either the deep space mission tolerates the interference or
{s , , !
Vet . source-interferer changes operations by mode change or turn off. :
RS .
a;é Earth Orbiting Missions. FEarth orbiting mission frequency selection :
S X o . . .
.ﬁx: is more a process of elimination and judgment based on experience and .
A \- .
P

- knowledge of other users than it is analytical. The following

paragraphs list the major steps in the process.

b ~).‘.‘ »
';%: a. Determine if the using project has any preferences or :
PN restrictions. For example, a follow-on project may prefer to :
L's use a frequency it is currently using. This is usually ﬂ
;ig possible. Multiple spacecraft projects may or may not want q
j%:{ their spacecraft on the same frequencies. Restrictions may .
ff;; also be imposed due to on-board RFI or other considerations. Q
o b. Examine the remaining spectrum and compare it with other 5
Eﬁ? existing or planned space assignments to find likely looking ;
ii} spot frequencies. - E
S c Examine the apparently available spectrum with regard to o
suitability for usage from other points of view, e.g., local ,
earth station area restrictions or equipment considerations. K
(In general, area restrictions should be thought of as fixable -
instead of limiting frequency band usage. Restrictions in -
: different areas at different frequencies would soon use up the ;
i .i:;' band.) :
\53 d. Begin a dialogue with other users of the spectrum to select i
:fl from the above the best frequency to apply for (this
}1_ particularly pertains to the U.S. Department of Defense and the =
Ei European Space Agency.) -
E:; e. Apply for the frequency(s) selected through NASA Headquarters o
;;E and the national and international agencies. h
& ; f. About six months prior to launch, tabulate known users of F
iif frequencies in proximity to those for the forthcoming mission. i
?: Conduct an analysis to determine the potential for interference 3
f?i to the mission, especially during launch and early orbit. This :
- analysis serves as a final check on the suitability of the f
?} chosen frequency and alerts the project to any known potential ;
;; interference they might experience. b
" 3
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The material on NASA frequency management regulations was provided
by D.W.H. Johnston of Hq NASA/JPL, supplemented with data from David
Struba of Hq NASA and Howard Olsen of NASA/JPL.

B.4 DEPARTMENT OF DEFENSE

The Assistant Secretary of Defense (Communications, Command,
Control, and Intelligence) is responsible for overall management of DoD
acquisition of systems which use the radio frequency spectrum. The
Joint Chiefs of Staff provide guidance, through the commanders of the
unified and specified commands and the Director of the Defense
Communications Agency, on joint and interservice military frequency
engineering and management matters. The guidance is based on the

concept of extensive sharing, since there are no exclusive radio

frequencies. This sharing must take place between U.S. government, U.S.

nongovernment, and international requirements. Principal DoD frequency

management activities (see Fig. 2) are:

FCC J@ereeeePp] NTIA [@eeccececasaincceceaiceacnccsanisensseppy DOD

AR ¢ 22l AEAR R et gt

— Cormand or authority lines
ses«vse Coordination or membership
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(2) Where authorized channels exist.
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{1) The IRAC has no command or authority. Command or authority
is direct from NTIA to the military department.

- - e e Channels for frequency requirements in U.S. and possessions
«==.==- Channels for frequency requirements in foreign nations

Fig. 2 — Department of Defense frequency management channels
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(‘ . The JCS Military Communications-Electronics Board (MCEB) .
:::j formulates policy and provides direction to the unified and

.ﬁﬁ specified commands in military communications-electronics (C-E)

?E matters including frequency management within DoD (Directive

s 4650.1). The Air Force member of the MCEB is the Assistant

A Chief of Staff for Information Systems. The Joint Frequency

533 Panel (JFP) under the MCEB formulates DoD positions on spectrum

iE& management, implements national and international policies for

DoD spectrum use, and guides joint use of the spectrum. The

e

JFP includes voting members from the Army, Navy, Air Force,

ix: Marine Corps, Defense Communications Agency (DCA), and the
13 National Security Agency, and nonvoting members from the Coast
;: Guard, JCS, and the Electromagnetic Compatibility Analysis
Jﬂ} Center (ECAC). Permanent and ad hoc working groups assist in
Eg the work; one of them deals with space frequency matters.
! . The DoD Area Frequency Coordinator (AFC) is part of an
f’t interservice frequency coordination system set up by the MCEB
::\ to minimize electromagnetic interference (EMI) and avoid i
‘Es conflicts at military test ranges and other designated areas. fj
‘;a Frequencies for use in these areas must be coordinated with the ;
i applicable DoD AFC before assignment. DoD AFC frequency
. records are available to military activities for frequency 2
‘ planning. 3'
?5 . The Defense Communications Agency maintains frequency records, ;
;: analyzes frequency use, and requests the assignment of :;
.53 frequencies needed by the Defense Communications System (DCS). ;Q
;ﬁ i The military departments each have a senior officer position :i
l:f responsible for frequency management. In the Army, it is the -
;: Assistant Chief of Staff for Automation and Communications; in é
3 the Navy, it is the Director, Naval Communications Division; ::
. and in the Air Force, it is the Assistant Chief of Staff for ::
:4 Information Systems (AF/SI). E
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DoD Electromagnetic Compatibility Services

The DoD Electromagnetic Compatibility Program (EMCP) ensures EMC of
all military C-E equipment, subsystems, and systems. The program is an
integrated DoD effort that assigns specific and joint responsibilities
to DoD components in each of the program areas of standards and
specifications, measurement techniques and instrumentation, education
for EMC, data base and analysis capability, design concepts and
doctrines, operational problems, and test and validation capability.

AFR 80-23 implements the Air Force program and assigns responsibilities
for accomplishing the program objectives.

The Electromagnetic Compatibility Analysis Center. ECAC is a joint
activity chartered by DoD Directive 5160.57 and administratively managed
and operated by the Air Force. ECAC maintains the data bases and
mathematical and computer analysis techniques for investigating DoD and
interservice EMC problems. It provides DoD components convenient and
rapid access to the data bases and analysis techniques and assists in
problems within and between the services. As the DoD focal point of
joint analysis for the EMCP, the ECAC analyzes C-E equipment in being,

under development, or proposed for development to determine its EMC with

other types of equipment. ECAC carn provide spectrum supportability
analysis on the ability of new systems and equipment to operate in their
intended environment without suffering or causing unacceptable
degradation due to EMI. ECAC provides analysis support to the MCEB
Frequency Panel J-12 working group on the DD Form 1494 Application for
Frequency Allocation process.

ECAC Data Files. The ECAC collects, catalogs, and stores large

amounts of detailed information to form an EMC data base. This data

-l
74
o
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&
i
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base includes information about selected technical characteristics of

g

equipment, frequency assignments, selected terrain elevation

information, and rules governing the use of the frequency spectrum

worldwide. :

ECAC Analytical Services. The availability of a large data base at N
ECAC and the development of specialized analysis techniques enable ECAC :
to provide a unique service in studying and investigating EMC problems. .
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ECAC primarly assists in the system-to-environment and the environment-
to-system compatibility areas, with some capability for intersystem
analysis. Instructions for requesting for ECAC Data Base information

and analysis support are provided in Sec. III.A.2.

Regulations of the Military Departments

1. Department of the Army, Army Regulation No. 5-12, Army
Management of the Electromagnetic Spectrum (Effective 1 March 1978).
Headquarters, Department of the Army, Washington, D.C., 23 January 1978.
This regulation prescribes policies, responsibilities, and procedures
for Army management of the electromagnetic spectrum (radio frequencies
from 3.0 KHz to 3000 GHz), and implements the Radio Regulations of the
International Telecommunication Union and the Manual of Regulations and
Procedures for Radio Frequency Management (Office of Telecommunications
Policy [OTP] Executive Office of the President, now NTIA) and the
provisions of the DoD Directives 3222.3, 4650.1 and 5160.75.

2. Department of the Navy, Naval Telecommunications Procedures
Spectrum Management Manual NTP6(A), October 1982. Commander, Naval
Telecommunications Command, 4401 Massachusetts Avenue, NW, Washington,
D.C. The Spectrum Management Manual is the single manual of procedures
for the effective execution of spectrum management within the Department
of the Navy, Marine Corps, and Coast Guard. This manual provides an
overview of organizational responsibilities and roles in the regulation
of spectrum use and covers international, national, DoD, and Department
of the Navy regulation of the use of the spectrum.

3. Department of the Air Force, AF Regulation 100-31, 23 July
1980, AFSC Supplement 1, 22 June 1981. Communications-Electronics.
Frequency Management and Electromagnetic Compatibility, Headquarters,
United States Air Force, Washington, D.C. This regulation details

responsibilities and provides policy guidance, procedures, and

information concerning Air Force management of the electromagnetic
spectrum. It assists in system planning, prescribes the procedures for

obtaining frequency support for new systems, and lists detailed

procedures for frequency allocations and assignments. It applies to all e

Air Force activities using the electromagnetic spectrum. It implements

DoD Directive 4650.1, Management and Use of the Radio Frequency Spectrum

(DTACCS), 13 December 1974,
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Air Force Frequency Management

The Assistant Chief of Staff for Information Systems (Hq. USAF/SI)
provides overall policy and planning guidance for Air Force frequency
management. The Air Force Frequency Management Center (formerly
USAF/FMO) is under the operational direction of the Air Force
Communications Command (AFCC) and provides technical services relating
to frequency management and implements Air Force frequency management

policy.

Application for Frequency Allocations
All applications for frequency allocation (DD Form 1494) are
submitted to USAF/FMC through appropriate major command channels. DD

Form 1494 is processed as follows:

. The FMC reviews the DD Form 1494 for completeness, accuracy,
and availability of spectrum support. The FMC then assigns a
unique J/F 12/XXXX number and submits the DD Form 1494 as a J/F
12 series paper (Application for Frequency Allocation) to the
MCEB Secretariat for distribution to all J-12 holders. A copy
is also submitted to the IRAC Spectrum Planning Subcommittee
for review. When appropriate, the FMC requests interested Hq
USAF directorates and other activities and unified commands to
coordinate on these applications. Overseas military
organizations, including possible host nations, may comment on
the feasibility and probability of adding space systems to the
frequency band before international registration is sought.

All J-12 holders may submit comments on receipt of the
applications.

. The DoD Electromagnetic Compatibility Analysis Center provides
EMC comments to the MCEB frequency panel's J-12 working group.
The USAF FMC drafts a memorandum for consideration by the MCEB
J-12 working group. The J-12 working group reviews the
application for frequency allocation to see if the equipment or
system can receive the necessary frequency support in the

geographical areas outlined. They review the memorandum to

make sure that it provides appropriate guidance.
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. The MCEB coodinates the allocation applications with the United
Kingdom, Australia, New Zealand, and Canada, when appropriate.
In these cases, the J/F 12 series papers also become the

Combined Communicaticns-Electronics Board (CCEB) C/F 299 series

papers.
. After review and approval by the MCEB frequency panel, the MCEB
S issues a memorandum bearing an adjusted J/F 12 number such as
J/F 12/XXXX/1 for identification purposes. This memorandum
AN contains guidance on the application and the ECAC EMC comments.

v The same basic number and a serially assigned last digit will

4
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iﬁi identify any subsequent memorandums or papers dealing with the
;;: same application. The MCEB distributes these papers to all
-
s{: holders of J/F 12 series papers.
Al . The MCEB frequency panel guidance contained in the J/F 12
f'; memoranda outlines general considerations and restrictions that
¢t
. apply to a particular equipment; they provide directions for
AR
L the submitting MAJCOM. The MAJCOM that submitted the
- application ensures adherence to the guidance, provisions, and
vy
ia restrictions shown in J/F 12 memoranda. If questions exist
‘A
P concerning compliance, the MAJCOM explains the problem to the
oLy d
[ FMC through command channels within 60 days of receipt of the
memoranda. The FMC coodinates any response with the
-;, appropriate Hq USAF office.
t} . The field commands direct inquiries regarding the J/F 12 series
Y
. memoranda to the FMC through channels.
':j There are special instructions for frequency allocations for space
'{ systems. They are found in the ITU Radio Regulations and, under
‘t. instructions for notifying U.S. radio frequency assignment data to the
g International Frequency Registration Board, in the FCC Manual. FCC
’.
e space radio communication notification forms? are filled out for
N
M
%: °These forms are also used to comply with international and
\ national limits of power flux density and effective radiated power.
Limits and control of emission from space stations and earth stations
e are addressed in Chapter 8 in the NTIA Manual of Regulation and
{$ Procedures for Federal Radio Frequency Management.[8] See Sec. II, p.
:j 50, for changes in the FCC Manual.
Ca
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transmitting earth station, receiving earth station, transmitting space
station, or receiving space station, as appropriate. There are four
stages of systems acquisition: conceptual, experimental research or
exploratory development, advanced or engincering development, and

operation.

Applications for Frequency Assignments

All applications for frequency assignments are also submitted to
FMC in the Standard Action Frequency Format (SAFF) through Air Force
command channels. A request for new frequency assignment must contain
the information required by the SMF and any additional information
necessary to provide a clear and accurate description of the
requirement. Attachment 5 of AFR 100-31 contains details for completing

the SMF.

Frequency Requests for Space Systems
The following special policies apply for space system frequency

requests.

d On-Off Capability for Spacecraft Systems. Each request for a
frequency to support systems radiating electromagnetic energy
from spacecraft will contain either a detailed description of
the methods used to provide on-off telecommand or a justified
request for an exception.

d Frequency Request Action. Requests for new, renewal, or
modified frequency assignments for earth or space stations will
require additional information on the SMF. When the
information on the frequency request requires special access
clearance (see AFR 205-32), item 501 of the SMF will show the
special access required.

i Space Ground Link Subsystem (SGLS) Frequency Assignments. The
SGLS is used on all DoD space programs for telemetry, tracking,
and command of satellites from Air Force satellite earth
stations. Eighteen channels in the downlink band (2200-2290
MHz) and 20 channels in the uplink band (1761-1842 MHz) have

i
:
]
]
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been assigned to the Space Division (SD) of the Air Force

(~ Systems Command, the Eastern Test Range (ETR), and the
Ballistic Missile Office (BMO). The SD, ETR, and BMO frequency
managers manage and issue local discrete frequency assignments

on a program-by-program basis.

~e
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11l. TECHNICAL REQUIREMENTS AND ANALYSIS CAPABILITIES

To meet the project objectives (Sec. I) and provide the information
required by the radio frequency management process (Sec. II), it will be
necessary to develop and maintain a comprehensive space environment data
base on RF spectrum utilization of space systems, contact other spectrum
users that may affect space operations, and develop analysis and
computation capabilities to apply the data in the base to existing and
planned space systems. The data base and other comparable data bases
are described in Sec. III.A. Section III.B documents existing

analytical investigations and computer programs.

"a A s taCa ASERA & v bt . alME TLretatL".

Some of the subsections of Section III.B represent original Rand
investigations. Others are based on descriptive materials provided by |
various agencies and contractors. Materials from external sources were 1
modified by the Rand authors, partly for simplification and
clarification and partly to avoid excessive length. All externally '
based subsections identify the originating source and have been approved !
by the original author.

A significant portion of Rand's effort on the project has been to
establish cooperation and coordination between persons who develop
analytical and computational models for RF spectrum utilization and
persons in the frequency management community who are tasked to prevent
signal interference. The descriptions of models and codes in this

report should prove valuable for this purpose.

A. ELECTROMAGNETIC SPECTRUM DATA BASES

A.1 SPACE SYSTEMS DATA BASE |

The Space Systems Data Base (SSDB) will contain electromagnetic and !

E§E§ operational characteristics of active and projected U.S. and

b;isg international space systems including both space segments and related
Eiﬂ:: earth segments. The SSDB will be structured to provide several levels
@7 4 of information: an automated file for quick access, a culling process,

JEI
- "
N

printouts, and expanded information as available in documents, reports,

.,
.
x

and measured data. The level of data will vary and is dependent on

frequency coordination and type of analysis problems.
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The SSDB will include time-related information in the following

categories:

N Actively deployed systems

. Deployed systems in standby orbits

. Approved-for-launch systems and scheduled dates
. Firm and funded development space programs
. Future development plans and predicted schedules

The data collection format includes items published by Rand [Sec.
I, Ref. 2], contributions from other agencies, and recent expansions by
ECAC. The format will be used in developing the automated data base on
space systems. The data will support preliminary interference analyses
and will provide indications of the operational usage of systems. The
format applies to satellites, their related earth segments, launch
vehicles, and Tracking, Telemetry and Command (TT&C) operations.
Technical characteristics of the hardware and operational environmental
characteristics of the system required for the data base are listed in
Appendix A. The extensive detail indicated in the proposed format is
required to cover the numerous inputs derived from the analyses and
included in the computer programs. A comprehensive space systems format
and compilation guidelines are documented in Ref. 1. Other types of
satellites, such as solar power satellites, may require additional data
to describe the system adequately.

Design and modification of the SSDB should be conducted as a joint
effort by the DoD Electromagnetic Compatibility Analysis Center, the DoD
Frequency Management Agencies, NTIA, FCC, and other participating
agencies. Responsibility for constructing and maintaining the data base
and developing an analysis capability for space systems planning has
been assigned to the ECAC at Annapolis.[2] ECAC already has the
necessary computer and data-processing equipment, the trained personnel,
and a substantial portion of the required space-environment data and
associated analysis codes and programs. Additional facilities may be

needed to process highly classified and proprietary data.
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- Preliminary discussions have been initiated with NORAD, ADCOM
(;J (SPADOC), and other agencies about the acquisition and processing of

.E: needed data on the operational condition and status of space systems.
:ij Since these data will be at various levels of security and in some cases
ﬂ{ will include proprietary information, appropriate means for processing
2 proprietary and classified information will need to be developed and
;:T approved by the cognizant agencies.
&52 The data base should be made available--as needed, and under

" appropriate security procedures--to Rand space studies, to DoD, and to
ft government agencies and sponsored contractors conducting analyses in the
i;{ subject areas. The data base should be updated for satellite
if: launches/decays and changes in space systems development plans to
::' provide a continuing source of information for analyzing current and
f{ future space systems.

3; Prediction and analysis of the probability of spacecraft collision
vﬁi and/or physical impact with space objects will not be addressed in this
’:? project. However, the data base should provide useful information on
&_: the ephemerides of current and future satellites, which is essential to
55 such investigations. It will also be useful in EMC analysis when

. changes in satellite positions are made to avoid collision.

X
o References for Sec. II1.A.1

:; 1. Apirian, L., Space Systems Data and Compilation Guidelines,
.iz %CACTCR-83-084‘ SePtember 1983, Consulting Report, ECAC/IIT Research
" nstitute, Annapolis, MD 21402.
':; 2. "Memorandum: Electromagnetic Compatibility Analysis Center Support
B for Space Systems Planning," Office of the Under Secretary of
o Defense, Research and Engineering, Assistant Deputy Under Secretary
.;- (Technical Policy and Operations), 25 June 1981.

i
!

A.2 EMC DATA BASES AT ECAC

A primary function of the Electromagnetic Compatibility Analysis

8 7 2
o &
.
h 5.

Center is to establish and maintain the data base necessary for EMC
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analysis to support DoD components and, as approved by the managers of

‘)
3
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the DoD EMC Program, for other government agencies. ECAC has compiled
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and continually updates the most complete EMC-related data base
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available, consisting of numerous data files on equipment
characteristics, equipment complements, frequency spectrum usage,
background environment, topographic data, space systems, and a hard-
copy library.

The ECAC Equipment Characteristics File contains basic technical
characteristics of military and commercial transmitters, reccivers, and
antennas, extracted from all available data sources.

Equipment complement information is composed of data files that
describe the communications-electronics equipments resident on ships and
aircraft, and assigned to mobile ground tactical units, and location
data for the various DoD platforms and military units.

The Frequency Resource Record System (FRRS) data base contains
worldwide DoD frequency-assignment records. Each record has
administrative and technical data concerning the type of assignment,
organizational information, and transmitter and receiver location, and
is provided daily (ten days for posting to the master files) by all DoD
components.

Background environmental data consist of numerous files, both
automated and nonautomated, that contain electromagnetic environmental
information describing military and civilian communications-electronics
operations worldwide. The data, both classified and unclassified, are
obtained from U.S. and international government agencies.

The automated topographic data file consists of digitized ground
elevation information, with the spacing between elevations given in
angular measure, that is used to characterize a geographical region.

Satellite system data include general system information, detailed
technical characteristics, and orbital characteristics. General systems
information is derived from International Frequency Registration Board
notifications, technical articl:s, and bibliographies. The detailed
technical characteristics are obtained from technical manuals and
reports, system description documents, and frequency allocation
applications. Orbital characteristics are received from the North
American Aerospace Defense Command.

Data for the various files are obtained in hard-copy. punch card,
and magnetic tape form. Some of the nonautomated material is extracted

and entered into automated files. That which is too voluminous or would
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not be cost effective to automate is retained in a hard-copy library.
When possible, multiple sources are consulted to ensure that the best
data are extracted for inclusion in the automated files. The quality of
the material is chiefly determined by the validity and currency of the
source documents.

ECAC services range from providing data from the data base (tapes,
card decks, printed copies, microfiche, and microfilm), through
engineering consultation, to detailed and continuing analyses.[1l] The
cost of the data base outputs and analysis efforts is reimbursed by the
requestor.

Each of the military departments is represented by a deputy
director at ECAC. Dol activities are encouraged to contact the
appropriate deputy director directly before submitting requests for ECAC
data base and analytic services to determine the scope of required
services. Once these needs have been determined, a written request for
services should be initiated. Requests by industry and universities on
contract with DoD should be processed through the approp}iate DoD

contracting agencies. Telephone numbers at ECAC are:

Commercial: 301 - 267 + extension
Autovon: 281 + extension

FTS: 930 + extension
Secure: 2339 wideband.

DoD activities may contact appropriate ECAC offices at the following

";‘ addresses:

e

ri;i U.S. Army

e Army Deputy Director (ECAC/CA)
e ECAC, North Severn
s Annapolis, MD 21402
kj{ﬂ Extension: 2103
::-‘::J

IO U.S. Air Force

L@

Mot Air Force Deputy Director (ECAC/CF)
) ECAC, North Severn
;\:- Annapolis, MD 21402
oo Extension: 2681

o
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U.S. Navy

Navy Deputy Director (ECAC/CN)
ECAC, North Severn

Annapolis, MD 21402
Extension: 2556

U.S. Marine Corps

Marine Corps Deputy Director (ECAC/CM)
ECAC, North Severn

Annapolis, MD 21402

Extension: 2555

Other DoD

Chief, Plans and Technical Resources (ECAC/XM)
ECAC, North Severn

Annapolis, MD 21402

Extension: 2353

Reference for Sec. II1.A.2

1. "A Guide to Capabilities and Services,'" Department of Defense
Electromagnetic Compatibility Analysis Center (ECAC), August 1982.

B. ANALYSIS CODES AND COMPUTER PROGRAMS

B.1T INTRODUCTION

Analytic codes and computer programs were assembled to analyze

i d
S .
~
-
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predicted types of problems encountered in spectral and orbital

LR ]
»

ol
”

congestion. Modifications and improvements to analysis models, and

corresponding additions to the data base described in Sec. IIT.A.1, will
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take place as part of the continuing project, and will accommodate the

o

growth and changes in space systems development and operations.

‘{‘.{ (¥4

At the request of the Air Force, this project was designed to
provide a continuing analysis capability in this problem area and is to
be used by aer‘ospace contractors during the acquisition process.
Analyses are to be conducted during the early concept architectural
planning phasc and continued during the development cycle as changes are
made to original designs. The analysis codes and computer programs
designed by Rand and those compiled in this report are available from
the sources listed. Access to the data base at ECAC is provided through

the procedures discussed in Sec. III.A.2.
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( . The space systems EMC and EM vulnerability analysis process is
;.:-:. illustrated in Fig. 3.

__-.:: 1. Regulations and Procedures for Radio Frequency Management

(Section 11)

‘o ) ~ ; . _ . B :

L 2. Cull and coordination

\.-‘. > .

s 3. Cosite danalysis

n.‘:\

Ny 4. Intrasystem EMC analysis

"

5. Intersystem EMC analysis

1 ¥

'.,';. 6. EM vulnerability analysis

Y .

ey 7. Multipurpose treatments

e

.0

)
a.':

)

I
{

Air Force OPR
Space Division

..:"4. System Program Office

"

"-}.\

N,y

N Aerospace Data base
NN Corporation ECAC
l\.‘
AN

»

Tl | | | | ] B
) )
A9 Frequency Cull and Co-site Intrasystem Intersystem EM ) Multi-
18 d | s | vulnerability purpose
:f management coordination analysis analysis analysis analys|s treatments

1

s

e | | | | | | |
SD/DCU ECAC ECAC SD/ALT ECAC AF/SA ECAC
AFSC/DCU NTIA SPO/ SPO/ SPO/ AFWL SPO/
USAF/FMC AFSCF contractors contractors contractors ESC contractors
AFSCF SPO/
contractors

Fig. 3 — Space systems spectral/orbital congestion analysis process
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The tree diagram depicts the process to be used to investigate
spectral or orbital problems that may arise when a new space system is
developed or deployed by the Air Force Space Division. Similar
procedures will be employed by other space-related organizations. The
Air Force OPR would provide for management of the project and
maintenance of a continuing analysis capability for use by the space-
related System Program Offices (SP0O) and SPO contractors of the Air
Force Product Divisions. The SPO would provide access to the data base
at ECAC, the analysis codes and computer programs, and analytic support
by the respective SPO contractors. The Aerospace Corporation would
assist the SPOs of the Air Force Space Division in monitoring contractor
performance. The project contractor, in collaboration with the System
Program Office, would determine which category or group of categories of
analysis and programs are appropriate to investigate the potential
spectral and orbital problems. When the category is selected, the
project personnel arrange required support with the agencies or
contractors indicated at the bottom of Fig. 3.

The analysis codes and computer programs are described under each
respective category. A standard format was used to describe the
purpose, source, code operations and capabilities, software, and
computer type for each of the programs.

This process will require preparation by the Air Force of plans and

procedures to address the following topics:

1. Designation of an Air Force organization as OPR for management
of the project and establishment of SPO functions as stated
above.

2. Revising Air Force contract regulations and standards to
include references to the Space Systems Data Base, analysis

codes, and computer programs and procedures for their use.

Revisions are required on:

SDR 55-1, Satellite Position Management, 15 September 1983
(OPR: SD/YO)
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AFR 55-XY, Operations Spacecraft Orbital Position Management,
Draft 10 March 1982 (OPR: AF/X0S0)

AFR 100-31, Communications-Electronics, Frequency Management
and Electromagnetic Compatibility, 23 July 1980, AFSC
Supplement, 22 June 1981 (OPR: AF/SITI)

MIL-STD-1541 (USAF) Military Standard, Electromagnetic

o Compatibility Requirements for Space System, 15 October 1973,
e Proposed MIL-STD-1541A (USAF), Draft 15 August 1982 (OPR:

pa SD/ALTI)

\5,“'

AFR 80-23, Research and Development, The Air Force
Electromagnetic Compatibility Program, 29 March 1982 (OPR:

jﬁ& AF/RDPT), Space Division (AFSC) Supplement AFR 80-23, Draft
;:?, 19 April 1983 (OPR: AF/ALTI)

A

< More than 20 analysis and computation codes are discussed in the
f;i subsections that follow; the codes have been grouped according to the
::;: structure in Fig. 3. The first set, cull and coordination, describes
};i; procedures to determine the possibility of interference to ground

o stations caused by other ground stations or by space systems, and thence
Eh’“ to coordinate frequency allocations according to the prescriptions of

y :ﬁ the ITU. The sccond, cosite analysis, considers interference among

‘J%j various equipments at the same approximate geographic location. The

;'a third category of codes, intrasystem EMC analysis, deals with

) interference induced in equipments from direct or wire couplings, and is
i;ﬁ; devoted primarily to complex circuit analysis. The fourth category,
S intersystem EMC analysis, involves analyses and codes for determining
f;g: interference produced by distant (far-field) sources, space or earth

?;w based. Most of these codes pertain to geosynchronous communications

N

Y
[ 4

satellites, but some permit the consideration of any orbit. Included in

} L]
ARG

this group is an ex:ensive analysis, original to the Rand authors, of

e

Jﬁg interference problens in nongeostationary systems. Codes and

s, probability considerations are described, with mathematical details in
.

. o . . . . . .
ju}ﬂ Appendix B. The fifth category, electromagnetic vulnerability analysis,
.-:'.‘q' . . . .

N N considers the behavisr of complex communication networks under stress
Lot . . : . . .

DRI caused by intentiona' and unintentional interference, and the final
4
group, multipurpose, describes programs which partake of several of the
SN .
:' previously indicated categories.
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The subject matter of these subsections was initially provided by

persons from the companies or agencies where the analyses and codes were
developed. The level of detail provided ranged from carefully o

structured presentations to simply sending programmer's manuals. The

material was then modified, revised, and adjusted by the Rand authors to

SAY bring all presentations to approximately the same level of complexity. 3
“‘ ‘\ d
}ﬁ{ The revised versions were submitted to the originating authors for

e approval. Each subsection acknowledges the provider of the original )
LoV

material. If no individual is cited, the Rand authors either extracted

o the information from books or equivalent or are presenting their own b
\:i investigations. 3
_&ﬁ The subsections follow the same format, as listed below, although i
:J~ there are many differences in detail. ;
o

;:j Program Source and Purpose

;*: Who developed it for whom :
!#" When it was developed or became available =
l;; Program users :i
2 Code Description and Capabilities K
:g Analytical material }
o Required inputs -
R{ Detailed code structure N
fi Typical outputs E
‘;3 Special features and limitations ;
3 Orbits
E} Frequency limitations b
ﬁ Antenna patterns included

2 Propagation models

ﬁ Special algorithms

i~ Program Software

i; Language

3: Computer type

I Size of program

Support software required

Computer storage and memory
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Execution time for particular runs
Problem size limitations
Documentation

Individuals to Contact for Additional Information

The character of the original material did not always permit
adjustment to the format, so some sections are primarily analytical,
others mainly code detail. The Rand authors take responsibility for the
description of the subject matter, but are not in a position to define
or guarantee the accuracy of the various codes when they are used for

specific investigations.

B.2 CULL AND COORDINATION MODELS

Cull models are procedures for excluding clearly non-interfering
cases from extensive investigations of interference. Coordination
models pertain to the coordination of frequency assignments among
potentially interfering systems. Since culling of non-interfering cases
is employed in every treatment of interference problems, we shall not
consider cull models separately, but only describe coordination models

in this section.

B.2.a ITU RADIO REGULATION APPENDIX 28, AUTOMATION!

Introduction

Before a new satellite communications system is placed in
operation, it is necessary to coordinate its proposed frequency usage
with any other system which might be affected. The potential
interference may involve space systems in mutual interference with
terrestrial systems, or space systems interfering with each other. The
lnternational Telecommunication Union (ITU) has developed regulations
for such situations (ITU Radio Regulations, Chapter 1V, Article 11), and

procedures for determining if the interference may be significant (ITU

'0riginal material was supplied by T. M. Sullivan, IIT Research
Institute, DoD, Electromagnetic Compatibility Analysis Center (ECAC),
Annapolis, MD 21402; published in the ECAC Proceedings of the Conference
on Space Systems Data Bases and Analysis Capabilities, November 17-19,
1981.
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Radio Regulations, Appendices 28 and 29). We shall describe the
required calculations and the techniques for automation that have been
developed at ECAC. The material presented here is specifically applied
to the procedures associated with ITU Appendix 28.

Appendix 28 applies to coordination of frequency assignments to a
satellite system earth station in relation to terrestrial stations, or
vice versa. It contains criteria relating only to coordination between
earth stations and stations in the fixed or mobile services. Those
stations which may interact must coordinate their assignments through
the International Frequency Registration Board (IFRB). The necessary
information should be sent to the IFRB two to five years before bringing
into service each satellite network of any planned system.

The basic concept used for management of frequency assignments is
the coordination area. The coordination area around a receiving earth
station is the area that contains all transmitting terrestrial stations
that are potential interferers. Similarly, the coordination area around
a transmitting earth station is the area that contains all receiving
terrestrial stations that are potential victims of interference. The
cases of transmission and reception by an earth station are treated
separately and generally result in differing coordination areas.

The coordination area concept is used to identify potential
interference interactions between a specific earth station and
environmental terrestrial stations. When a new earth station frequency
assignment is planned, the corresponding coordination area is used to
indicate the requirements for detailed electromagnetic compatibility
(EMC) analyses for terrestrial stations. When a new terrestrial station
frequency assignment is planned, it is necessary to determine if the
terrestrial station site is within a coordination area for an earth
station sharing the same frequency band. These coordination area
applications are made on U.S. national and international levels.

The procedure for calculatirg coordination areas is ccntained in
ITU Appendix 28. This procedure is applicable to all earth station
types in the fixed or mobile services (except those that are airborne),
regardless of the flight plan of the associated space platform. The
Appendix 28 procedure is applicable to troposcatter and line-of-sight

systems and to the frequency bands between 1 and 40 GHz.
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Calculation Approach

The coordination area is defined as that region on the earth's
surface which includes the locations of all possible interferers or
interference victims. Many worst-case assumptions are incorporated in
the analysis. The calculations result in critical distances for
particular azimuths from an earth station. These distances=--the
coordination distances--measure the maximum range at that azimuth such
that interference may be expected from a source within the range, and

interference-free behavior may be expected if the separation of source

and victim exceeds the range. The locus of points at these coordination

distances form a coordination contour that contains the coordination
area.

The level of interference at a victim produced by a source depends
on at least the following quantities: frequency, power, bandwidth,
antenna gain, propagation loss, and receiver sensitivity. In the
frequency region under consideration (1-40 GHz), interference may take
place along a direct path, line-of-sight propagation and be affected by
ducting, superrefraction, or diffraction, or along an indirect path in
which the signal is scattered by rain into the victim receiver. The
direct path is referred to as !ode 1., the rain-scatter path as Mode 2.

The following calculations result in a coordination contour:

. Determine the maximum permissible level of interference at the
victim receiver; the level depends primarily on receiver
sensitivity.

. Determine the limiting basic transmission loss for direct-

path propagation (Mode 1). This is defined as the transmission

loss between the interferer, whose power, transmission
spectrum, and antenna pattern are specified, and the receiver
such that the maximum permissible level of interference is
induced.

. Calculate the range between interferer and victim which
produces the limiting basic transmission loss. This range
depends on frequency, since the attenuation per unit distance

is a function of frequency (the greatest attenuation in the

.
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1-40 GHz region for these terrestrial paths occurs near 22

GHz). 1[It also depends on the presence of ducting or super-

refraction, which occurs most frequently for over-water

propagation, and of diffraction, which results from obstacles

Al _A._A—.A_L‘.A‘

in the beam. If the earth station is pointed toward a

[

satellite, its antenna pattern for interference will be azimuth-
dependent, as will that of the terrestrial interferer. The
coordination range will depend on all of these parameters.

Since satellite communications systems generally transmit on

one frequency and receive on another, the coordination ranges
for transmission and reception will be different. The greater
of the two ranges is used to calculate the contours.

* Repeat the calculations for hydrometecorological scatter
propagation (Mode 2). This will depend on frequency (the
scattering cross-section of rain varies with frequency), and on
the position of the rain cell with respect to the transmitter
and receiver, which requires a suitable averaging process. The
occurrence of rainfall sufficiently intense to produce scatter
propagation is dependent on geography. These quantities permit
the calculation of a Mode 2 contour.

. Compare the Mode 1 and Mode 2 distances for each azimuth. The
greater of these distances is the coordination distance for
that azimuth.

. Determine the envelope of the coordination distances; it will
be the coordination contour.

o The types of path geometry for the two modes are depicted in
Figs. 4 and 5, the corresponding coordination contours in Figs.

6 and 7, and the envelope contour in Fig. 8.

Permissible Level >f Interference

The interfereice criteria used in Appendix 28 are an interference-
to-noise power ratio (INR) and a percentage of time for which the INR
may be exceeded. The noise used in the INR is thermal noise only, which
is typically only a small part of the total system noise. Consequently,
fairly large INR values (e.g., 33 dB) are prescribed in Appendix 28, but

these may be exceeded for only small percentages of time (e.g., 0.01).
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.¢ In the calculation of the maximum permissible level of interference, the
{ percentage of time associated with the INR is divided equally among an -
- assumed number of uncorrelated interference entries. This prevents the C:
N depletion of the entire interference budget by a single interferer in -
a cases where more than one interference source is anticipated. -
-t ’-..
w The interference criteria for a typical terrestrial radio-relay -~
e receiver must be assumed since the actual station-specific parameter .
a 14
. values are not known when coordination areas are calculated. These -,
B typical terrestrial station interference criteria are prescribed in e
.-‘. ’-
el Appendix 28. Typical INRs and associated time percentages are provided "
“ ) ) , =
~ for receiving earth stations. The thermal noise temperature must be .
> supplied for the earth station receiver under consideration. For -
. receiving earth stations, departures from the prescribed typical INR .
}; time percentages and reference bandwidths are permitted. The

- interference criteria for typical receiving earth staticns and
Ny terrestrial stations are taken from noise budgets for the hypothetical

»",
\? reference circuits in the International Radio Censultative Committee
3ol )

" (CCIR) Recommendations.
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Propagation Analyses

The Mode 1 propagation analysis considers interfering signals
traveling over great-circle paths. The Mode 1 propagation mechanisms
consist of ducting, superrefraction, and diffraction and are the
dominant means of propagation for the small time percentages associated
with the interference. Loss is calculated for several azimuths from the
earth station site using the maximum permissible level of interference,
an assumed typical terrestrial station antenna mainbeam gain, and a CCIR
reference antenna pattern or a measured antenna pattern for the earth
station. The use of the typical terrestrial station antenna mainbeam
piin 1s a worst case provision. Typical spectral power densities are

1-sumed tor terrestrial transmitters for the case of receiving carth

~tatiens.  Actual earth station spectral power densities are used for
the case of transmitting earth stations. Mode 1 distances are
calcublited using a simplified, but conservative model for the Mode 1
mechanisms . The diffraction losses are determined as a function of
frequency and the physical horizon angle (i.e., the angle between the
visible terrain horizon and a horizontal plane tangent to the earth at
the earth station site). The ducting and superrefraction losses are
dependent on the radio climatic zones through which the interfering
signal may propagate. The earth has been divided into three radio
climatic zones that are characterized by typical atmospheric water vapor
concentrations and duct-leakage parameter values. The locus of points
at Mode 1 distances from the earth station forms a Mode 1 contour.

The Mode 2 propagation analysis considers rain-scatter paths, which
consist of two components: the path trom the earth station to the
(hypothetical) rain cell and the path from the rain cell to the
terrestrial station. A minimum required normalized transmission loss is
calculated under the assumption that the entire earth station antenna
mainbeam is intercepted by the rain cell. The required transmission
loss is normalized to 4 GHz, a terrestrial station antenna mainbeam gain
of 42 dBi, and 0.01 percent of time. The distance between the
terrestrial station and the rain cell is calenlated first using
radiometerological parameter values for the rain climate of the earth

station site. The earth has been divided into five rain climate zones
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that are characterized by typical rainfall rates, rain cell heights,
rain attenuation coefficients, and rain cell diameters. Only the
backscatter distance is calculated and used as the worst case distance
for all azimuths from the rain cell toward poss{ble terrestrial station
sites. The distance between the rain cell and the earth station is then
calculated using the earth station antenna mainbeam elevation angle and
the rain cell height. This distance is measured from the earth station
in the mainbeam azimuth to locate a hypothetical rain cell location.

The locus of points at the backscatter distance from the rain cell forms

a Mode 2 contour (i.e., a circle centered on the rain cell).

Coordination Area

The envelope of the Mode 1 and Mode 2 contours form the
coordination contour that contains the coordination area. Any
terrestrial station that operates in this coordination area in the
frequency band of the earth station could cause or experience
interference. Detailed EMC analyses are required to determine the

actual possibilities for interference.

Automation of Calculations

The preparation of Appendix 28 Coordination Contours is a complex,
time-consuming task if done by hand. At the National Telecommunications
and Information Administration (NTIA) the preparation of some 300
contours will be required to up-date the NTIA Manual in accordance with
the post WARC-79 Radio Regulations. Considerable amounts of time can be

saved by computerized automation of the following activities:

i Repetitive calculations

d Determination of horizon elevation angles from terrain
surrounding the earth station site

¢ Assembly and look-up of data from tables

. Determination of climatic zones

* Plotting of contours on maps
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Propagation Analyses

The Mode 1 propagation analysis considers interfering signals
traveling over great-circle paths. The Mode 1 propagation mechanisms
consist of ducting, superrefraction, and diffraction and are the
dominant means of propagation for the small time percentages associated
with the interference. Loss is calculated for several azimuths from the
earth station site using the maximum permissible level of interference,
an assumed typical terrestrial station antenna mainbeam gain, and a CCIR
reference antenna pattern or a measured antenna pattern for the earth
station. The use of the typical terrestrial station antenna mainbeam
gain is a worst case provision. Typical spectral power densities are
assumed for terrestrial transmitters for the case of receiving earth
stations. Actual earth station spectral power densities are used for
the case of transmitting earth stations. Mode 1 distances are
calculated using a simplified, but conservative model for the Mode 1
mechanisms. The diffraction losses are determined as a function of
frequency and the physical horizon angle (i.e., the angle between the
visible terrain horizon and a horizontal plane tangent to the earth at
the earth station site). The ducting a~d superrefraction losses are
dependent on the radio climatic zones through which the interfering
signal may propagate. The earth has been divided into three radio
climatic zones that are characterized by typical atmospheric water vapor
concentrations and duct-leakage parameter values. The locus of points
at Mode 1 distances from the earth station forms a Mode 1 contour.

The Mode 2 propagation analysis considers rain-scatter paths, which
consist of two components: the path from the earth station to the
(hypothetical) rain cell and the path from the rain cell to the
terrestrial station. A minimum required normalized transmission loss is
calculated under the assumption that the entire earth station antenna
mainbeam is intercepted by the rain cell. The required transmission
loss is normalized to 4 GHz, a terrestrial station antenna mainbeam gain
of 42 dBi, and 0.01 percent of time. The distance between the
terrestrial station and the rain cell is calculated first using
radiometerological parameter values for the rain climate of the earth

station site. The earth has been divided into five rain climate zones
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ECAC has developed a batch computer program for the repetitive

"

calculations and the determination of horizon elevation angles by using
a terrain data base. NTIA is using this batch program as a basis for an

interactive on-line capability that incorporates the automation of all

:‘.-.< oo
- 7 WP R St b

the above mentioned activities. The use of the program has been
simplified to the point that a coordination contour can be generated
from seven basic data items. The user provides inputs to the program by

answering English language questions on a cathode-ray tube (CRT)

. AP

terminal.

Some of the important features of the ECAC batch program are:

PR
et ;
» [P E -

It performs the repetitive calculations required for each of

e

SR N

360 azimuths around the earth station;

It access: <~ terrain data base to obtain horizon elevation

4 2

angles;

'I.II""I‘)

It automatically calculates the auxilliary contours described

i N

in annex 1 of Appendix 28;
It provides tabular output;

It requires batch (punched card) input;

KIAN |

It handles mobile earth stations.

A

Among the additional features of the NTIA interactive program are

the following calculations and retrievals that are performed once per

L
s

earth station analysis:

.
)

Calculation of antenna diameter approximation given antenna
gain;
Calculation of antenna azimuth and elevation pointing angles

given earth station location and satellite location;

3 e B

< I

Retrieval of interference and terrestrial station parameters

for Tables 1 and 2 of Appendix 28;

', o e,
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”
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Determination of radio climatic zones;

Determination of rain climatic zones of earth station location;

e
)
»

v o>
o

Vi

14 K
Ay

rre
I.J‘I




R

et -
-
n‘"“‘{

.
Ly

- 84 -

"“‘b
'."‘ asa-.

Fe

'/,.I*

R . Interpolation of horizon elevation angles to fill in missing

data points;

L

l‘:ogq‘

i) and these enhanced outputs:

o
D,

. Automatically scaled plots of coordination contours on map

%'L (your choice of any combination of contours);

PSS
Llﬁz . CRT preview of the plot;

N

¢ Computer disc file storage of all parameters and results,

. allowing recreation of the complete run environment any time

-

and rerun of an analysis with the change of a single data item.

i A 2
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The incorporation of the above calculations and retrievals allows

the simplification of the input to the point that a complete analysis

;;Eé can be performed with only seven basic data items input by the user.
SN The seven basic data items,

‘s\

] i Earth station name,

%zﬁ ¢ Earth station location,

ﬁ%s ® Earth station operating frequency,

S ® Service designation/station class,

e d Receiver noise temperature or transmitter power,

1:{ ® Earth station antenna gain, and

;ﬁkg ¢ Earth station antenna pointing angles or satellite location,
Lyl

are supplied by the user as responses to English language questions.

é:' Included with the questions, as needed, are descriptions of the data
}:, items and how they should be entered. Extensive error checking is
‘:f performed on the data items as they are entered. All parameters, other
:::, than the seven above, needed for the calculation are obtained

;is automatically from internally maintained tables, data bases, or

’£§5 calculations.

'§§} Since only seven basic data items are required to activate this
viﬁ analysis system, it is ideally suited to linkage with a data base as
? 1 long as that data base contains data for each of the seven required
3 ? inputs.
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e Because of the numerous worst-case assumptions, the coordination >
h —
: areas established by these procedures should be regarded as outer It
~
gsi limits, that is, an interferer located outside the contour is very g
} &
224 unlikely to produce significant interference. A transmitter inside the
) ¥

contour, which would nominally be a source of interference, may actually

t

not be significant if the worst-case conditions are not met. F

2
s

For further information on Appendix 28 automation, please contact

Thomas M. Sullivan, IIT Research Institute, DoD Electromagnetic

ul.‘
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¥ Compatibility Analysis Center (ECAC), North Severn, Annapolis, MD 21402.

:j B.2.b ITU RADIO REGULATION APPENDIX 29, AUTOMATION?
s N
X ‘ Introduction -]
L ¢ The International Telecommunication Union has established E
i}& procedures for coordinating frequency assignments among communications ﬁ
’{ﬁ systems to reduce and if possible eliminate mutual interference. The ;

circumstances under which coordination is required are specified in the
ITU Radio Regulations, Article 11, and the detailed techniques for
calculating interference appear in Appendices 28 and 29. Appendix 29,
the subject treated here, pertains to mutual interference among

satellite networks.

All geostationary and nongeostationary systems must publish their

] s
;“ frequency assignments in advance of operation. Coordination is required s
z\ for certain geostationary networks and for earth stations with 3
Wy o
A coordination contours (Appendix 28) extending into the territory of a f
) foreign country. Agreements on frequency use must be reached by the -
;~ several countries, and the ensuing assignments must be registered with X
) ~
4: the International Frequency Registration Board. \
%* This section discusses the specific calculations in Appendix 29, }
= and the procedures for automation which have been developed at NTIA. N
;
. ~
~ LY
N .
N X
,.J »
— 20riginal material was supplied by P. C. Roosa, Jr., NTIA; M
. published in the ECAC Proceedings of the Conference on Space Systems X
, Data Bases and Analysis Capabil it jes, November 17-19, 1981. .
) ~
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Lo Calculations Required for Coordination .
e Appendix 29 was developed and incorporated in the Radio Regulations '
§§£1 at the 1971 World Administrative quio Conference (WARC) and modified by y
~;.§ the 1979 WARC. It includes procedures for two cases: networks which ¥
%\-? share frequency bands in the same direction, i.e., up-paths and/or down- y
. paths in the same direction, by far the most common case; and networks 3
igg: which share frequency bands in the opposite direction, e.g., the
‘5§§3 8025-8400 MHz band is allocated to the fixed-satellite service for an
0wy up-path and to the meteorological-satellite service for a down-path.
" The Appendix provides procedures for calculation of apparent increase in
:ifzj receiver noise temperature due to interference from other satellite
;}‘} networks. The interference is assumed to be noise-like and, hence, to
"?"j cause an increase in the noise level. The increase in noise temperature
i or AT is then compared to the appropriate receiver noise temperature, T,
‘~,z; before the interference is included.
iv*i The interference may enter the system in several ways. Up-path
i'ﬁ interference occurs when a signal from an interferer is received at the
) satellite associated with the victim, and is then transmitted directly
: ﬁ to the victim earth station. The interfering source is usually an earth-
.dh} based transmitter, but may be another satellite. Down-path interference

|
G

occurs when a signal from an interfering satellite is transmitted

(usually via antenna sidelobes) to a victim receiver. Appendix 29

~ el
KA AP

L

provides equations for calculating the interference received and
converting that to an equivalent change in receiver noise temperature.
-f‘ The regulations state that coordination is necessary if the

fractional change in receiver noise temperature (AT/T) exceeds 4

:ﬁﬁj percent. This is equivalent to a signal-to-interference ratio of -14
IS
:th dB. The theory of Appendix 29 shows that the equivalent noise
N
xjx temperature depends upon the transmitted powers, antenna gains in the
: relevant directions, and free space transmission losses. The satellite
Pond . .
{ “ system may be either a simple receiver, which usually carries either
} i‘ commands or data, or a frequency-changing transponder, in which the
A Y . . . .
‘V\ signal is received, translated in frequency by a fixed amount,
2 Wl
Yy amplified, and retransmitted. The latter is the normal system for fixed-
Wi . : , . ;
I satellite service networks. Appendix 29 gives the appropriate equations
J«,
e
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-
D ed
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: :I~
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for the two cases, and provides algorithms for polarization isolation,
topocentric and geocentric angles for antenna calculations, distances to
satellites and between satellites, free space path loss, and the
standard CCIR antenna radiation patterns for mainbeam sidelobes.

The calculations involved in Appendix 29 are in reality quite
straightforward. The only complexity is due to the large number of
calculations that must be made for every geostationary satellite
network. Each network in the fixed satellite service involves many
transponders and each transponder can serve many earth stations. Each
earth station or space station of a network must be analyzed to
determine whether coordination is necessary with any of the networks
whose earth and/or space stations can be "seen'" by the interfering
network stations. The calculations are virtually identical to those of

the programs employed for intersystem EMC analysis.

NTIA Automated Appendix 29 Procedures

To assist EMC analysts and others who are trying to determine if
coordination is required between space systems, NTIA has developed two
Appendix 29 automated aids: The first is implemented on a TI-59
programmable calculator. The program provides only the basic
calculations and does not yet include on-line calculation of interim
values. The names of the variables are as similar as possible to those
used in Appendix 29 itself. All variables are entered in decibel
notation except for the noise temperature, which is entered in degrees
Kelvin. This program is appropriate for analysis of single paths or
proposed changes to a network.

The second automated version is a data-base-oriented, Fortran-coded
series of programs implemented on NTIA's HP-1000 mini-computer. It
provides automatic calculation of all the variables in Appendix 29. It
is interactive and will automatically calculate all possible
interactions of the networks being investigated. There are two main
programs. The first creates a data base containing all the necessary
characteristics for each network except those which are peculiar to the
particular interference interaction to be analyzed. The data base
permits all interactions involving a particular network to be analyzed

after the data have been entered once. The second program performs the
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f:}' Appendix 29 calculations and requires only the specific characteristics
* peculiar to that interaction to be entered to supplement the existing
7
'vﬁf data base.
\{:i It is expected that both the HP-1000 and TI-59 programs will be
n}.: very useful in processing new foreign and domestic geostationary

satellite systems. The HP-1000 program will be used primarily to
provide detailed calculations for all interactions involving a new

geostationary network, whereas the TI-539 version will be most useful for

analysis of parametric changes to specific interactions.

’ For information on how to obtain and use these programs please

A contact Paul Roosa or Edward Davison at NTIA, Herbert C. Hoover

‘;gg Building, Rm 4600, 14th and Constitution Avenue, NW, Washington, D.C.

ool 20230.
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:.\:i B.2.c GROUND MOBILE SATELLITE TERMINALS?®

B

) Introduction

) An automated coordination procedure has been developed for

ffgf performing the detailed area interference analysis necessary to site a

'$35 mobile or transportable earth terminal. The procedure is based on the

»;gf' International Radio Consultative Committee (CCIR) protection contour
concept, but has not been accepted internationally. National acceptance

ii&; has been achieved in the United States and the Federal Republic of

‘~$E Germany (FRG), and the procedure is now being used to coordinate and

2552 site Ground Mobile Forces Satellite Communication (GMFSC) earth

. terminals in these two countries for training operations.

:}:é The automated area coordination procedure is described here. After

E¢Ej a8 brief overview of the basic system parameters of the GMFSC

b > Multi-Channel Initial System (MCIS) SHF earth terminals, the need for a

:::f new coordination and site selection procedure is explained. The

zizg description of the procedure developed, the Protection Contour Map

:}:; program, includes how the analysis is performed, its outputs, and how

:ii; the outputs are used.

o) J0riginal material was supplied by G. J. Romanowski, ECAC/IIT

: Research Institute; published in the ECAC Proceedings of the Conference
on Space Systems Data Bases and Analysis Capabilities, November 17-19,
1981.
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GMFSC MCIS Overview

The MCIS earth terminals are in the Low-Rate Initial Production
(LRIP) phase of development. There are three basic LRIP earth terminal
types: the AN/TSC-85 and AN/TSC-93 Army terminals and the AN/TSC-94 Air
Force terminal. Other terminal types will be added in the full
production phase. Some of the key points of the system parameters are
the commonality of RF characteristics, the small antenna dimension, and
the multichannel capability. All equipments receive in the 7.25-7.75
GHz band and transmit in the 7.90-8.40 GHz band.

The MCIS earth terminals are housed in truck-mounted shelters with
ground-deployed antennas. The antenna is designed for rapid
installation and disassembly to meet the rapid deployment requirements
for a tactical system. This makes the system highly transportable, but
not mobile.

The basic link configuration for the Army earth terminals consists
of a hub/spoke arrangement. The AN/TSC-85 earth terminals are the hub
terminals and can support one uplink signal and four downlink signals,
for a total capacity of 96 channels. The AN/TSC-93 terminals are the
spoke terminals and can support one uplink and one downlink signal of up
to 24 channels. The earth terminals can also operate in a point-to-
point mode, as the Air Force LRIP earth terminals are limited. Figure 9
shows a typical link configuration.

The GMFSC MCIS earth terminals operate with the Defense Satellite
Communications System (DSCS) Phase II satellites. In the future, the
DSCS Phase IIl satellites will be used. The MCIS earth terminals must
operate with the satellite transponders that are connected to the high-
gain satellite antennas for the uplink and downlink because of the small
earth terminal antennas. Therefore, the 185 MHz transponder is shared
for Phase II operations and the 60 MHz transponder is used for Phase 111l

operations.
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_Maximum number of
duplex channels

Key: 85 = AN/TSC-85 terminal and 93 = AN/TSC-93 terminal

6]
38 3 Fig. 9 — Typical GMF earth station link configuration

3‘-3 Coordination and Site Requirement

53“ The frequency ranges allocated to the GMFSC earth terminal are not
hﬁﬂ‘ within the exclusive satellite bands. The bands used by the GMFSC
system are shared with terrestrial fixed and mobile stations.

;;uﬁ Therefore, coordination is required with these in-band systems for host
E?QQ country frequency coordination and for selection of compatible operating
sites.

Y Although ITU Appendix 28 procedures can be used to develop

“;q& coordination contours about the operating areas, no internationally

‘3$ accepted procedure exists for performing the detailed coordination for
selecting operating sites. An automated interference model was

T oy developed by ECAC to perform the required terrestrial station versus

jﬁyy‘ earth terminal analyses. This model was based on the protection contour
t‘hﬁ concept documented in CCIR Re ort 773, and is referred to as the

i} Protection Contour Ma (PCM program.
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PCM Program Description

The terrestrial-station environment must be identified before the
PCM program can be brought into play. Coordination contours are
developed around the specified operating area for earth terminal
transmitting and receiving. Then the terrestrial station receivers (for
the earth terminal transmitting) or the terrestrial station transmitters

(for the earth terminal receiving) located within the appropriate

contour will be compiled for analysis by the program. The RF and site
characteristics of the terrestrial stations are required by the program
for accurate computation of the interference-to-noise ratios (INR).

The program must analyze the electromagnetic interaction of the
earth terminal versus the terrestrial station environment for the earth
terminal anywhere within the operating area. This is accomplished by
analyzing the potential EM interactions for the earth terminal at a
large number of discrete locations. The program constructs a grid of
hypothetical earth terminal locations within the operating area. Then,
each grid point is separately analyzed for potential EM interactions
with every terrestrial station. For example, a 16 row by 16 column
earth terminal grid and 17 terrestrial stations yield 256 earth terminal
locations considered and 4352 separate interactions analyzed (i.e., 256
x 17). This configuration is depicted in Fig. 10.

Considering one particular grid location, the program computes the
INR level versus each terrestrial station. If the earth terminal is
transmitting, the INR level at each terrestrial station is computed and
the largest value is stored for that grid point. For the reverse case,

the program will either store the largest INR value computed or a

L4

composite INR value obtained by a summation of all the received power

il

levels.

‘l'l
.A

x
#

The INR values are computed by considering the transmitter power,

T

v~

transmitter and receiver antenna gains, propagation loss, frequency-
dependent rejection, and receiver noise level. The ECAC terrain
dependent model is used for computing propagation losses over great

circle paths. A rain scatter model computes propagation losses due to

precipitation scattering.
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Fig. 10 — Coordination contour for transportable earth stations
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% TS = Terrestrial station
ES = Earth station

When all the grid locations have been considered, there will be a
resultant INR value associated with each grid point. An INR threshold
will be selected, and a continuous contour will be drawn within the
operating area such that the regions above the threshold will be
separated from those below the threshold. The former regions will be
cross-hatched and are referred to as protection areas. The latter
regions are denoted as clear areas, where the earth terminal can
compatibly operate for the operating parameters used to develop the

output. The contour map outputs are referred to as PCMs. The contours

are envelopes within which the system earth terminals will be free from

interference.
The frequency-dependent rejection between a transmitter emission
spectrum and a receiver selectivity causes the PCM protection regions to

be very frequency sensitive. Small changes in the operating frequency
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of the earth terminal may cause large changes in the computed protection i

areas. Similarly, changes in the bandwidth of the earth terminal 4

o . . 5

emission spectrum or receiver filters may result in large protection jq

area changes. Therefore, PCMs are made for all anticipated operating :J
frequencies, using operating characteristics which will yield #
conservative protection areas to produce PCMs which will provide user "

flexibility and realistic clear areas. Figure 11 shows an example of
the change in the coordination contour produced by an increase in data
rate, which requires greater bandwidth and thereby brings more
terrestrial stations into potential interferecnce.

PCMs are currently i. ing produced for operating areas in the L.S.
and the FRG. A PCM set is generated for each area considered, where a
set consists of a PCM for each uplink and downlink frequency of the GMF

frequency plan. As stated previously, the production of PCM sets

provides the user with the maximum flexibility for frequency and site

selection.
Grafenwohr, frequency 8090 MHz, Grafenwohr, frequency 8090 MHz,
data rate 40 MBPS data rate 20 MBPS
e %////// :L'.'I'.}'L' ) mm——
35 worn %‘ J/ jﬁﬂljga ‘
; %%%VE 7/%/@ ? Q’/ 9&\ %
T
é%/%/ A H ////%/
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Note: Shaded areas designate regions where
the -10 dB INR criterion is exceeded

Fig. 11 — Protection contour map examples
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With the PCMs, users can effect any required national or
international coordination. The PCMs establish that there are or are
not compatible operating locations within the specified areas. Then the
users can use PCMs to select specific operating frequencies and
locations for deploying earth terminals within the appropriate operating
areas.

For U.S. and FRG training deployments, the PCMs have supported
coordination and site selection, as described above. The only problem
encountered is the inability of the initial PCM model to produce PCMs at
the rate requested by the user community.

When it became apparent that the PCM approach was successful and
that the initial capability was inadequate for operational support, a
new capability was designed. The new system, called the Operational
Spectrum Support Cell (0OSSC), consists of an improved PCM generation
program operating on a computer system dedicated for this effort.
Although the 0SSC VAX 11/780 computer is slower than the ECAC UNIVAC
1100/EC computer (the computer used for the initial capability), the
dedicated system and enhanced software tailored to the VAX 11/780 yield
faster program execution. Also, additional steps of the PCM generation
process have been automated to yield even greater time savings.

The OSSC is expected to meet the GMFSC deployment and contingency
engineering support needs for the MCIS earth terminals through 1983.
Efforts are under way to determine if an additional or enhanced
capability is needed to meet future the support requirements.

For further information on mobile terminal coordination contours,
please contact Richard Larson, DoD Electromagnetic Compatibility

Analysis Center (ECAC), North Severn, Annapolis, MD 21402.

B.3 SPACE SYSTEMS AND COSITE ANALYSIS®

Cosite Effects
This section provides a brief introduction to cosite analyses and

discusses their relationship to space systems. "Space systems' are the

*Original material was supplied by L. Apirian, ECAC/IIT Research
Institute; published in the ECAC Proceedings of the Conference on Space
Systems Data Bases and Analysis Capabilities, November 17-19, 1981.
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ground segment (earth terminals), mobile segment (airborne or shipborne
terminals), and space segment (satellites).

Cosite analysis is concerned primarily with system proximity
interactions. Only radiated (far-field) interference interactions are
considered; they include intermodulation, spurious responses and
emissions, densensitization, gain compression, cross-modulation,
cochannel and adjacent channel effects, burnout, case penetration, and
external intermodulation. These effects are all produced by nonlirear
devices in the system; nonlinear devices can usually be represented by
power series, which permit classification of the effects. The usual
nonlinear device is a mixer or sequence of mixers, but nonlinear
interaction can also occur in junctions outside the transmitter or
receiver.

The first nonlinear effect, intermodulation, can occur in two ways.
Interfering signals can mix to produce a signal at the tuned frequency
that mixes with the local oscillator to produce a response at the
intermediate frequency. For this to happen, a linear combination of
positive or negative integer multiples of the interfering signal
freqrencies must match the input frequency. Or, the interfering signals
can mix with the harmonics of the local oscillator frequency to produce
a response at the intermediate frequency. The power series expansion
produces these intermodulation terms, since the product of a number of
sinusoidal functions can be expanded into a sum of sinusoids whose
frequencies are linear integral combinations of the input frequencies.

Spurious responses are unwanted responses of a receiver to a signal
at other than the tuned frequency. They result from nonlinearity in an
early stage giving rise to harmonics of incoming signals, mixer
nonlinearities giving rise to local oscillator and signal frequency
harmonics, and from frequency multiplication in the local oscillator.
Tuned radio frequency amplifiers or bandwidth limitations on antennas
tend to eliminate such problems, but the interference may be caused by

pickup which bypasses the input stages.
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Desensitization and gain compression, which are closely related,
reduce the desired signal output level due to nonlinear effects among
the input signals. Desensitization is due to the interfering signal;
gain compression is due to the desired signal. If the power series
contains a third degree term with a negative coefficient, the output at
the desired frequency will contain a term whose amplitude is
proportional to the cube of the amplitude of the desired signal and has
a negative coefficient, representing gain compression. Another term at
the desired frequency has an amplitude proportional to the amplitude of
the desired signal, and to the square of the amplitude of the undesired
signal. This term also will have a negative coefficient, corresponding
to desensitization, since the response to the desired signal is reduced
by the presence of the interference. Furthermore, if there is
modulation on the undesired signal, the third degree term will cause
this modulation to appear on the desired signal, corresponding to cross-
modulation.

Another nonlinear effect is external intermodulation. Also called

the "rusty-bolt" effect, it occurs when signals combine in junctions

outside the transmitter or receiver and are reradiated. The effect also
occurs in ferromagnetic materials, whose nonlinear response, usually
associated with hysteresis, produces signal mixing.

Burnout and case penetration effects result from high undesired
signal levels. Burnout occurs when the input power to a device is
sufficient to cause physical damage. Case penetration occurs when the
electromagnetic field density incident at a receiver is high enough to
couple with the internal circuitry, without passing through the antenna.

Two linear effects, not limited to cosite situations, may arise.
Cochannel interference can occur when the emissions of two systems
overlap such that the undesired carrier frequency falls within the
receiver passband. Adjacent channel interference can occur when the
systems do not actually overlap but the out-of-band emissions of one

affects the selectivity of the other.
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Cosite Analysis

Cosite analysis involves a quantitative assessment of the effects
discussed above and includes computation of antenna coupling,
propagation losses, interference thresholds or receiver performance, and
interaction levels.

Nonlinear effects may be evaluated empirically or theoretically.

In either case, the coefficients of the transfer functions of the
nonlinear device are assessed. In theoretical analyses the power series
expansion is frequently an oversimplification and a time varying
transfer function must be used, particularly for strongly driven
systems.

High power effects may be evaluated by comparing RF field levels
with thresholds established for the device under investigation. The
thresholds may be derived from measurement programs or from knowledge of
the physical structure of the device.

Cochannel and adjacent channel effects can be evaluated by a
consideration of relative bandwidths and off-tuning. The amount of the
transmitted signal which is accepted through the receiver selectivity is
assessed by convolving the emission spectrum with the receiver
selectivity curves.

One way of studying cosite situations is through frequency
analysis. In this manner, interaction levels are not evaluated but
frequencies which may occur are computed. These data can be used to

make compatible channel assignments and to identify problems.

Automated Models

Automated analysis techniques involve modeling one or more of the
above procedures, most of which are complex and tedious to perform
manually. Computer models are used to calculate nonlinear interaction
levels, propagation losses, receiver degradation, interference
frequencies, and antenna coupling in support of cosite analyses. Table
2 lists some of the automated models available at ECAC and useful for

cosite analysis. The table describes their basic functions.
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Table 2

ECAC AUTOMATED MODELS USEFUL FOR COSITE ANALYSIS

Automated Model Name

Functions and Comments

Avionics Interference
Prediction Model AVPAK3

Channel Assignment
Analysis Algorithm C3A

Cosite Analysis Model
COSAM

Frequency List Analysis
Program FLAP

Nonlinear Communications
Receiver Model NLRX

Performance Evaluation
Communications Algorithm
PECAL

Computes coupling levels between antennas on
an airframe. Models airframe as a group of
perfectly conducting cones, cylinders, and
planes.

Chooses compatible frequencies from a user-
supplied list based on input constraints
(i.e., minimum frequency separation, avoiding
harmonics).

Calculates receiver performance. Accounts
for adjacent channel, spurious, and inter-
modulation effects, based on measured data.
Environment can include up to 50 equipment
units. Frequency range from 2-400 MHz for
antenna coupling.

Searches for potential interference inter-
actions among assigned frequencies (or fre-
quency lists). Accounts for adjacent channel,
spurious, and intermodulation effects based
on user input constraints.

Determines intermodulation and spurious
response levels. Also assesses transfer
function coefficients, which are related to
the measured data used in COSAM.

This version of COSAM has been modified to
account for propagation on a shipborne
environment.

Fundamental limits of the models are based on the validity range of

the underlying assumptions, allocated storage space, and required

computer time.

These manifest themselves as limits on:

the number of equipments allowed in an environment,

the number of available frequencies,

the allowable frequency range,

the effects evaluated,
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the allowable orders of interactions, and

the types of equipment considered.

No single model can perform a complete cosite analysis, just as no
single model is applicable to every cosite analysis. To perform a
comprehensive cosite analysis the appropriate models in Table 2 are used

in conjunction with each other.

Space Systems Cosite Analysis

It is not expected that space systems will cause fundamentally new
types of cosite problems, although the characteristics of space systems
make them particularly vulnerable to communications interactions. New
technology developments and modulation techniques will also require new
methods of analysis.

Fixed and mobile earth terminals tend to have large, high gain
antennas and low noise temperatures and therefore extreme sensitivities
compared with most nonspace systems. For example, shipborne and
airborne satellite terminals require very careful coordination to
operate compatibly with other on-board equipment.

Mobile platforms impose severe cosite constraints. Many
transmitters and receivers are proximal, leading to high coupling
levels. Additionally, propagation analysis may be difficult due to
platform construction, e.g., reflections, diffractions, and skin
effects. External intermodulation may occur and is generally
unpredictable. Channel assignment will be difficult due to the high
number of interactions that must be considered.

Satellite cosite analyses are currently left to the developers--
all elements of a system must work together. Concepts now under
consideration may change the situation, however. Specifically, if
satellite clusters and antenna farms are developed, cosite analysis will
be required. If these systems have several developers, the government

may take overall responsibility for electromagnetic compatibility, a

case analogous to mobile platforms.
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If further information on the cosite analysis programs developed at
ECAC is desired, please contact Richard Larson, DoD Electromagnetic

Compatibility Analysis Center (ECAC), North Severn, Annapolis, MD 21402.

B.4 INTRASYSTEM EMC ANALYSIS®

Electromagnetic compatibility considerations can be divided into
two generally separated but sometimes overlapping areas: intrasystem
and intersystem. Intrasystem EMC is concerned with compatibility within
a system consisting of electrically interconnected equipments and/or
equipments in proximity within a describable geometry, such as those
within a single aircraft, spacecraft, or ground station. 7The
interference coupling modes are usually varied and complex. Intersystem
EMC is concerned with compatibility between systems that generally
operate remotely and whose primary interference coupling media is
through antennas. Examples are compatibility between spacecraft and
ground stations or between an aircraft and its tactical control center.

Intrasystem electromagnetic incompatibilities are caused when
unwanted electromagnetic energy from emitters (interference) finds its
way to circuits that are undesired receptors (susceptible) to this
energy. While interference is always undesirable to the susceptible
circuit, this same energy may be required as functional energy by some
other circuit in the system. A digital signal can be a desired
functional signal and at the same time appear as interference to a
susceptible circuit, such as an analog circuit. Thus, interference
energy within the system can result from functional signals or from
extraneous signals, such as the harmonic of a transmitter. Extraneous
signals are generated as byproducts of the functional signals and are of
no use to any other circuit. An EMC Intrasystem Analysis Program (IAP)
has been developed by the Air Force Systems Command, Rome Air
Development Center (RADC/RBCT), with contractor support. The EMC/IAP is
a set of computerized mathematical models, listed and described below,

which provide effective methodology for ensuring EMC among components of

*Original material for Sections B.4.a-d was submitted by J. J.
Dobmeier, A. L. Drozd, and J. A. Surace, RADC/RBCTI. An expanded
version was published by RADC in TR-83-101, May 1983. Original material
for Section B.4.e was submitted by D. S. Rosen, TRW, Inc.
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2 complex spacecraft, aircraft, and ground systems. The EMC/IAP and

A required documentation have been maintained by the EMC/IAP Support

ig; Center at Griffiss AFB, Rome, NY, operated by IIT Research Institute and .

‘:53 sponsored by RADC. .

N The EMC/IAP Support Center was a contractor-run, government-funded

N organization operating since August 1978. Current subscribers and code N
:E; users were furnished the latest updates of the codes, and supported in f

v%;} their usage, by the Center until 30 September 1983, when funding ended. i
Y After that date, questions regarding the EMC/IAP should be addressed to -

r*i\ RADC/RBCT, Mr. Kenneth Siarkiewicz. B

::Hi There are four separate programs associated with the EMC/IAP:

S i

s . Intrasystem Electromagnetic Compatibility Analysis Program :
o (IEMCAP) .

5;‘ . General Electromagnetic Model for the Analysis of Complex E

;’ Systems (GEMACS) :;
Ly d Nonlinear Circuit Analysis Program (NCAP) and -
i * Wire Coupling Prediction Models

2

3 :
zﬁ The four programs will be described in Sections B.4.a-d. :
N An intrasystem EMC analysis program developed by TRW, Inc., :

‘-, Specification and EMC Analysis Program (SEMCAP), will be described in -

"y Section B.4.e. N

R
" B.4.a THE INTRASYSTEM ELECTROMAGNETIC COMPATIBILITY ANALYSIS

.ﬁ PROGRAM (IEMCAP) -3

. ;

N Introduction 5

- IEMCAP is a systems-level, computerized analysis program which may k

;:: be used in analyzing electromagnetic compatibility for aircraft, i
;s spacecraft/missiles, or ground stations on both present and future o
3 systems. It acts as a link between equipment and subsystem EMC

j:: performance and total system EMC and provides the means for tailoring

EMC requirements to specific systems. This is accomplished in IEMCAP
through detailed modeling of the system elements as well as the various

mechanisms of electromagnetic transfer to perform the following tasks:
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. Provide a database which can be continually maintained and
updated to follow system design changes

. Generate EMC specification limits tailored to the specific
system

. Evaluate the impact of granting waivers to the tailored
specifications

. Survey a system for incompatibilities

. Assess the effect of design changes on system EMC

N Provide comparative analysis results upon which to base EMC

tradeoff decisions.

The IEMCAP program was developed and written by the McDonnell
Aircraft Company, St. Louis, MO, for Rome Air Development Center
(RADC/RBCT), Griffiss AFB, NY. The program and required documentation
were released in 1974 and have been maintained by the EMC/IAP Support
Center at Griffiss Air Force Base, operated by IIT Research Institute
and sponsored by RADC. (See previous page for chkange effective 30
September 1983.) The program can be obtained from the Support Center
along with supplementary products and services. The program is in broad
use, with at least 21 governmental, 45 industrial, and 5 academic users.

The program incorporates state-of-the-art communications and
frequency-domain EMC analysis mathematical models into routines which
efficiently determine the spectra and evaluate the transfer modes of

electromagnetic energy between generators and receptors within a system.

Code Description and Capabilities

The system model for IEMCAP employs the standard EMC approach of
identifying all ports in the system having a potential for undesired
signal coupling. These ports are divided into arrays of emitter ports
and receptor ports having identifiable coupling paths.

All emitters in a system are characterized by emission spectra and
all receptors are characterized by susceptibility spectra. All ports
and coupling media are assumed to have linear characteristics.

Emissions from the various emitter ports are assumed to be statistically

independent so that signals from several emitters impinging at a
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receptor port combine on an RMS or average power basis. Other waveform
parameters that receptor ports are sensitive to include total energy
{total energy susceptibility) and peak current (or voltage) and rise
time (peak sensitivity considerations for digital-type devices
susceptible to instantaneous waveform levels). These latter
sensitivities may be included in IEMCAP.

Emitter and receptor ports may be intentional, such as connector
pins, or unintentional, such as leakage paths. The signals or responses
which are intentionally generated and coupled from port to port are
operationally required and lic in a specified frequency range. There
may be additional undesired outputs or responses. For example, an
emitter may produce harmonics, or a receptor may have an image response,
or a signal may be conveyed to the wrong port.

For each emitter port, a two-component spectrum represents the
power levels produced over the frequency range. The broadband
component, varying slowly with frequency, represents continuous
emissions, while the narrowband component, varying rapidly with
frequency, represents discrete emissions. A spectrum is determined for
receptors that represents the susceptibility threshold over the
frequency range. The susceptibility level is defined as the minimum
received signal which will produce a desired response at a given
frequency.

Outside the required frequency range, military standard levels are
used to set the initial maximum emission and minimum susceptibility
levels. IEMCAP uses specifications MIL-STD-461A and MIL-1-6181D (6181D
has been superseded by 461A which in turn has been superseded by 461B).
By adjusting the spectra of emitters and receptors for compatibility,
the extreme level specifications are obtained which will produce a
compatible system. To prevent the generation of too stringent
specifications, each spectrum has an adjustment limit.

The general approach to the analysis is two-fold. First, an
emitter-receptor port pair is selected and its type, connection, wire
routing, etc. are quickly examined to determine if a coupling path
exists. If a path exists the received signal is computed at the
receptor and compared to the susceptibility level. In addition to the

emitter-receptor port pair analysis, the program computes the total

signal from all emitters simultaneously coupled into each receptor.
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In conjunction with the above process, IEMCAP uses a sampled ?"
spectrum technique in which each spectrum amplitude is sampled at ';
various frequencies chosen by the program and/or by the user across the D
range of interest. Considering the requirement of MIL-STD-461A of three ﬁi
frequencies per octave from 30 Hz to 18 GHz, this requires approximately ;;
90 sample frequencies. To avoid missing narrow peaks between sample ﬁé
frequencies, IEMCAP samples the spectrum in the interval half-way 22
between the sample frequency and each of its neighboring sample };
frequencies. For emission spectra, the maximum level in the interval is ol
selected and assigned to the sample frequency in the interval and for ia
susceptibility spectra the minimum level is selected and also assigned ii
to the sample frequency in the interval. This effectively quantizes the :E
spectra with respect to the sample frequencies. o
The range of frequencies covered by the analysis is governed by the v
user. The program will accept any range from 30 Hz to 18 GHz, but if :?
desired, the user may concentrate all 90 frequencies over a smaller ﬁ
interval within this range. These frequencies are applied to a given o~
equipment which contains emitter and/or receptor ports. :
Based on the defined conditions and overall analysis approach, an i
electromagnetic interference (EMI) margin is calculated. An 0\
incompatibility is said to exist when sufficient signal from an emitter :H
port, or ports, is unintentionally coupled to a receptor port to exceed "
its susceptibility threshold. -
EMI margins of value greater than O dB indicate interference. ;
Values less than 0 dB indicate cither compatibility or interference. ;
Currently, IEMCAP spectrum models and transfer coupling models represent ~
a worst-case approach to systems analysis and prediction of EMC/EMI. :E
Although it is uncertain whether compatibility or interference actually :
occurs aboard a given system, in accordance with the worst-case :f
philosophy of IEMCAP, the uncertainty has been minimized in selecting i
the interference margins included in IEMNCAP. i
A new port spectra algorithm is being considered to replace the :;
quantization method in IEMCAP for modeling emitter and receptor spectra. k
Basically, this new model reduces to a requirement for automated :
generation of all frequencies and corresponding amplitudes for defining ;
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the port spectra of an equipment. The equipment f{requency table is

generated by determining the required frequencies from prestored models;
harmonics and nonrequired frequencies from appropriate MIL-STDs; and
user-specified frequencies from IEMCAP input data. The port spectra
amplitudes are computed from prestored emission and susceptibility
models, harmonics, user-specified data, and prestored MIL-STD levels.
Also, the frequency range for analysis is expected to extend from 0 to
50 GHz and greater. Currently, however, the 30 Hz to 18 GHz limitation
is imposed on each port, which is categorized by function into one of
six types (RF, signal, control, power, EED, case); each type has its own
subinterval of frequencies within the overall range as adapted from
MIL-STD-461/462. The nonrequired spectrum model routines will generate
zero emission and susceptibility outside these subintervals.

A number of important system-level EMI problems result from
nonlinear effects in emitters and receptors. At the present time,
however, the IEMCAP considers only interference caused by power
transferred linearly from emitter to receptor. To predict accurately
all instances of possible EMI, IEMCAP will ultimately be expanded to
include interference due to the following nonlinear effects, which are
recognized to cause system performance degradation: receiver
intermodulation, spurious responses, cross modulation, desensitization,
and gain compression and gain expansion.

IEMCAP (currently in release 05) is designed for use by an EMC
systems engineer with a minimum of computer experience. The input data
requirements, program control, and output formats are engineering
oriented and easily learned. The input data are directly obtainable
from system and subsystem operational specifications or measured data.
They include system types, overall physical dimensions, coordinate
system parameters, and basic analysis parameters which apply to the
entire system. Also included are common model parameter tables, which
describe apertures, antennas, filters, and wire characteristics which
have multiple use throughout the system. Subsystems are organized into
a hierarchy of equipments (physical boxes such as transmitter units),

source or emitter ports, receptor ports, and wire bundles which route

signals among ports.
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All user program control and data inputs to the program are on
punch cards or card images and are in frec-field format. Basically, the
inputs are in the form of statements in which the parameters may be

entered into any columns on the cards (card images). The basic format

requires a keyword which identifies the type of data, an equals sign,

and the relevant parameters separated by commas. The paramecters and
'Eai subparameters on these cards must be in a prescribed order and may
i:ﬁ; represent numerics, alphabetic codes, or alphanumeric designations.
if-i During execution, a number of printed outputs are generated by
\ IEMCAP. If errors are found in the data during the input decode
Ei; process, an appropriate error message is printed along with the data
i; card that is in error (preprocessor error checking); additional error
;{ﬂ messages are printed during initial processing if errors are detected
3 during file updating, generation of initial spectra, or wire-routing
ﬁf? descriptions (postprocessing error checking).
:;:; After all input data have been read, decoded, and checked for
:ii errors, a listing of the input is provided. Also, during initial
i processing, a report of all the data that comprise the system for which
:&: the analysis task is to be performed is printed. This is the
?’; Intrasystem Signature File (ISF) report, consisting of a summary of the
;jg system, subsystem, and equipment data, followed by each equipment's
' . frequency table and initial port spectra of each port in the equipment
:::: and, lastly, the bundle data.
:jz: Supplemental and debug output can also be requested. Such output
5?? is useful for following the logic in the wire-mapping routines by
';;‘ printing internal flags and messages to aid in software maintenance.
éis The supplemental printout of the wire-mapping routines follows the
‘f§ normal bundle data output.
:Ei The first section of IEMCAP is the IDIPR module, which consists of
..‘: four basic subprograms. The four subprograms are the Input Decode
;fg Routine (IPDCOD), Initial Processing Routine (IPR), Spectrum Model
:’3 Routines (SPCMDL), and the Wire Map Routine (WMR).
SN

The second section of IEMCAP, TART, uses the data compiled by IDIPR

»

-
!‘3

to perform the desired analysis task, which is one of the four tasks

i,

summarized below:
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“~
,{“J ® Specification Generation adjusts the initial nonrequired
\;c emission and susceptibility spectra so that the system is %
25 compatible, where possible. The user-specified adjustment 5
.:; limit prevents too stringent adjustments. A summary of tl
o interference situations not controlled by EMC specifications is ;;
. printed. The adjusted spectra are the maximum emission and fﬁ
{;i minimum susceptibility specifications for use in EMC tests. N
Egs i Baseline System EMC Survey scarches the system for i‘
. interference. If the maximum of the EM! margins over the e
! o frequency range for a coupled emitter-receptor port pair :é
2 exceeds the user-specified printout limit, a summary of the S:
#ﬂ interference is printed. Total received signal into each i,
'ﬂ receptor from all emitters is also printed. i
N i Trade-off Analysis compares the interference for a modified i
*:% system to that from a previous specification generation or E
;:: survey run. The effect on interference of antenna changes, :$
5 filter changes, spectrum parameter changes, wire changes, etc. :f
a can be assessed from this. ?
:5 . Specification Waiver Analysis shifts portions of specific port ii
:: spectra as specified and compares the resulting interference to i
that from a previous specification generation or survey run. ?ﬂ
From this the effect of granting waivers for specific ports can -
t; be assessed. :;

-~
.}

l‘ ‘!

LA

TART is composed of two basic routines. The Specification

\ ..'v.'\'.\- "..' ‘\""""-“‘ \.sd“-( -

: . . . ™
. Generation Routine (SGR) performs the first task above, and the =
L .

. Comparative EMI Analysis Routine (CEAR) performs the remaining three. .-

; These interface with the coupling math model routines to compute the -

. transfer ratios between emitter and receptor ports. The two parts of o

- IEMCAP are executed separately, with data files used for intermediate g'

< storage between parts. g

: IEMCAP determines if a coupling path exists between two ports. If g

. ~

- a path exists, the appropriate transfer model routines are used to o

. . ) e

compute the transfer ratio of all frequencies of interest. The models —

‘ "-

\§ consist of: ~.
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Antenna-Coupled Transfer. This includes antenna-to-antenna and
antenna-to-wire coupling on an aircraft (winged vehicle), a
spacecraft (wingless vehicle), and over ground. Antenna models
and shading (diffraction) models for propagation around wings
and fuselage are included.

Wire-to-Wire Transfer. These routines compute coupling within a
wire bundle. Transfer models between open, shielded, and
double-shielded wires with both balanced and unbalanced
configurations are included.

Case-to-Case Transfer. This model computes coupling resulting
from electromagnetic leakage from equipment cases.

Filter Models. These routines compute losses due to filters
between the emitter and receptor ports and the coupling medium.
Models for single-tuned stage, Butterworth, low-pass, and band
reject filters are included.

Environmental Field Models. These routines compute the coupling
of external electromagnetic fields, if present, to receptor

ports.

The TART baseline survey outputs are summaries of transfer ratios,
received signal power at receptors, and EMI margins between emitter-
receptor port pairs and consider the total received signal from all
emitters into each receptor. The margins are printed for each
frequency, and an integrated margin is also printed which represents the
cumulative effect of coupling across the entire frequency range of
interest.

The trade-off and waiver analysis outputs are similar to those of
the baseline survey; these outputs illustrate the before and after
effects of modifying system elements or shifting portions of the emitter
and/or receptor spectra, respectively.

For Specification Generation Runs (SGR), the output format is
similar to the baseline survey summary with the addition of emitter
spectrum adjustment, receptor spectrum adjustment, unresolved
interference, and final adjusted spectrum summaries. These summaries

represent adjustments made to the initial nonrequired emission and/or

- . = - » -
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susceptibility spectra such that the system becomes compatible. The
amount of adjustment is controlled by user inputs.

Supplemental outputs for any of the above analysis options may be
obtained if requested. These additional outputs consist of antenna
coupling propagation path factors involved in computing path loss
(antenna-to-antenna), compeonents of the transfer ratio involving
coupling through apertures exposing receptor wires (antenna-to-wire),
and capacitive and inductive coupling components per frequency (wire-
to-wire).

The amount of standard output can be limited by special output
control features such as an EMI margin printout limit value and/or port-
suppress commands which inhibit the output on ports that are not of
interest.

As presently constructed, IEMCAP is not directly related to orbits.
The program pertains to the electromagnetic compatibility of the
subsystems that comprise a particular system. It may be and has been
applied to spacecraft. If the externally imposed fields are derived
from the equations of earth-to-space propagation, or vice versa, the
effect of orbital variations may be included. As discussed previously,
the program covers the frequency range of 30 Hz to 18 GHz in sampled
steps. Antenna patterns include low-gain antennas such as dipoles,
which are modeled by trigonometric expressions, and high gain antennas
such as paraboloids, which are modeled by a piecewise-constant function
in the polar angle. The three constant values correspond to main beam,
major sidelobe, and backlobe.

Propagation models include ground-wave antenna coupling and
intravehicular propagation. For ground waves, a smooth earth surface is
assumed, with a 4/3 earth radius accounting for atmospheric refraction.
The model is valid for frequencies between 1 MHz and 1 GHz and moderate
antenna height. The height is limited by a plane earth approximation,
which permits a two-ray optics solution. The simplified theoretical
ground wave model is slightly modified to include the effect of the
surface wave.

The intravehicular antenna-propagation model calculates the
propagation loss associated with an electromagnetic coupling path when

both source and receptor are located on the same aircraft or spacecraft.
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Propagation is free-space, with near-field conditions (0 dB transfer
gain) for antenna separations which are less than the maximum dimension
of the transmitter or receiver antenna, and farfield conditions if the
minimum antenna separation exceeds 3X (for wire type antennas), or ZDZ/X
(for surface type antennas of diameter D). When a portion of the
propagation path is around a curved surface or an edge, allowance is
made for shading and diffraction effects.

There are several algorithms employed to calculate wire-to-wire
coupling. Couplings are calculated between all wire pairs which lie in
the same bundle and have a common run. The wire configurations may be
quite complex (shielded, twisted pair circuits, balanced or unbalanced,
single or double shield, with single or multiply grounded shields, or
any subset of these possibilities). Coupling effects between single
wires include interwire capacitance and mutual inductance. More complex
circuits are replaced by equivalent single wires.

If there are branches or discontinuities, the emitter current (and
the summation of voltages coupled to the receptor port) is computed on
the basis of the entire emitter (receptor) configuration, but the
coupling is computed on a segment-by-segment basis. All of the coupling
components are then summed to determine the total coupling (both
capacitive and inductive). This method of segmenting the wires allows
the calculation of the effects of environmental fields on the complete
receptor circuit at the same time the first emitter circuit is being
analyzed.

The case-to-case model uses the emission and susceptibility levels
according to MIL-STD-461A or MIL-STD-6181D. These levels are related to
the system configuration by modeling each case as though it were a
dipole. The source model assumes a (l/r)3 fall off for both the
electric and magnetic fields.

The filter models represented in IEMCAP are ideal, lossless
networks, made up of only reactive elements (capacitors and inductors).
The filter transfer models calculate the "insertion loss" in dB provided
by a filter at a given frequency, i.e., the reduction in delivered power
due to insertion of a filter. Thus the insertion loss of the single
tuned filter at the resonant frequency is 0 dB, i.e., the insertion of

the filter does not attenuate the signal delivered to the load at that

frequency.
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YOO Practical filters are not ideal, lossless networks; there are
7 : . . .
\ always dissipative elements that affect filter performance.

~
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o Consequently the filter models provide for a minimum insertion loss to
I.\I. . . . .

o represent actual dissipation at the tuned frequency or in the pass band.
-.\-'.'

" The filter models also provide a maximum insertion loss or isolation to

represent the departure from the ideal rejection in the rejection band.

. The minimum and maximum insertion loss provide lower and upper bounds
o for the filter transfer function.

RS The coupling from environmental electromagnetic fields onto wiring
7 is important in the design of USAF systems. Usually, the fields enter
2

,ﬁﬁ the vehicle through dielectric apertures in the system's skin and couple
» . . ‘ . :

-t onto wires immediately adjacent. These apertures include radomes,

o

{? canopies, landing gear doors, camera windows, and air intakes on

aircraft and space vehicles, and doors and windows in ground systems.

3l

Exposed wires are assumed to be adjacent to the aperture, and the

-

amount of RF energy coupled depends on the aperture size and location.

A transmission line model is then used to compute the currents induced

AT
P o

in the wire loads. Worst-case electromagnetic field vector orientation

':ﬁ is determined and used for the calculation.

25 The intrasystem analysis applications of IEMCAP already performed
A

\ include at least 13 aircraft and 5 spacecraft.

Software Considerations

% ' %,

IEMCAP is a self-contained American National Standards Institute

eV SA M

(ANSI) FORTRAN program which consists of approximately 16K lines of
code. It has been successfully installed on the CDC/CDC CYBER, IBM,
VAX, UNIVAC, Honeywell, PDP, Xerox, and AMDAHL computer types. Central

Processing Unit (CPU) core memory to load and execute each part of
IEMCAP on a Honeywell 6180 using the FORTRAN J compiler is 91K (decimal)
words for IDIPR and 81K words (decimal) for TART.

A typical aircraft, spacecraft, or ground system can contain
thousands of ports. If every emitter port had to be analyzed in

conjunction with every receptor port, the run time, core memory size,

YRR ‘95;:"¢‘

and file storage would be extremely large. Therefore, the maximum

.j system size shown in Table 3 was established. For each equipment, the
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\ l"
R MAXIMUM SYSTEM SIZE e
I~ >
\':: y
N8 Equipments .................... 40 R
AL Ports per equipment ........... 15 N
Total ports (40 x 15) ......... 600 ’
o Apertures ............. 000000 10 -
NN Antennas ............. ... ... 50 >
\ Filters .............covven.. 20 A
N Wire bundles .................. 140 :
T4 Total no. of wires ............ 280 -
Segments per bundle ........... 140 .
Q; Bundle points per wire ........ 11 .
b | :
_‘ ‘:\ -
o :
s 15 ports include the required case leakage, and, therefore, 14 o
4 intentional ports are allowed. 2
:f The amount of file space necessary depends on the size of the .
¥ N -
gaﬁ system being analyzed. The execution time also depends on the system \
150N
i‘; size. IDIPR time is approximately 0.1 second per input card. TART run
- time primarily depends on the number of coupled port pairs, which
';f potentially increases as the square of the number of ports. In general,
" though, each emitter port will not be coupled to each receptor port so
% L]
O the actual time will be less. Also, the TART time depends on the
- analysis task. Specification generation requires three passes through
~
. the emitvters per receptor with two passes through the receptors per run
h and hence runs longer than the other tasks. Table 4 gives the run times
»53 and file sizes for two test cases on the CDC 6600.
.
%'\'ﬁ References for Sec. B.4.a
P 1. Bogdanor, J. L., R. A. Pearliman, and M. D. Siegel, Intrasystem
$\$ Electromagnetic Compatibility Analysis Program, Rome Air Development
Center, AFSC, RADC-TR~74-342, December 1974. In three volumes.
Tl Volume 1 provides the user's manual engineering section, Vol. 2 the
Ve user's manual usage section, and Vol. 3 the computer program
f;:j documentation.
,,{: 2, Baldwin, T. E., et al., Intrasystem Analysis Program (IAP) Model
oy Improvement, Rome Air Development Center, AFSC, RADC-TR-82-20,
l& December 1981. Updates IEMCAP since the writing of Ref. 1.
%
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Table &

EXECUTION TIMES AND SIZE OF PERMANENT AND WORK FILES FOR SAMPLE RUNS

Data Case Size Test Case 1 Test Case 2

Number of cards
input to IDIPR 170 241
Total ports 33 56

Execution Times (sec)

Execution time IDIPR 17.4 24.5
Execution time TART-SGR 176 186

File Size in Words (decimal)

New ISF 10,862 16,000
Baseline transfer file 35,000 41,000
Emitter spectrum 3,012 4,200
Receptor 1,792 2,670
Emitter equipment 1,634 2,350
Receptor equipment 1,631 2,380
Wire bundle 97 400
Wire map 640 2,390
Array 183 300
Processed input file 3,000 4,200

For further information on IEMCAP, please contact Kenneth Siarkiewicz,

RADC/RBCT, Griffiss Air Force Base, New York 13441.

B.4.b GENERAL ELECTROMAGNETIC MODEL FOR THE ANALYSIS OF
COMPLEX SYSTEMS (GEMACS)

Introduction

The GEMACS code is the result of an effort to develop engineering
tools to support the electromagnetic fields analysis required during the
design, development, fabrication, installation, maintenance, and
modification of electromagnetically complex systems. It employs the
Method of Moments (MOM) and geometrical theory of diffraction (GTD)
techniques to solve Maxwell's equations for an arbitrary geometry of
radiators and scatterers. The program, which possesses inherent growth
potential and Air Force wide commonality, provides the capability to
model and characterize large systems in terms of near/far-field

radiation patterns, predict the coupling between numbers of colocated
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antennas, which may be on satellites or at ground terminals, and

1
nadd
determine the input impedance of antennas in large radiating systems. -‘

s e .
. "

The GEMACS program was written and developed by the BDM

Corporation, Albuquerque, NM for Rome Air Development Center

(RADC/RBCT), Griffiss Air Force Base, New York. It was approved for .

public release in 1977. The program is currently maintained by the
RADC/RBCT, Griffiss Air Force Base, who provide the program and

services. (See Introduction to Section B.4 for change 30 September

T L

1983.) To date there have been at least 12 governmental, 34 industrial,

and 6 academic users.

Code Description and Capabilities
GEMACS is a highly user-oriented general purpose code designed for
analysis of a variety of complex electromagnetic problems. The user is
assumed to be an experienced electromagnetic analyst with a fair y
understanding of applied linear algebra. The current version (release
3) of the code supports all of the functions necessary for using one
thin-wire and one surface patch (Method of Moments) formalism as well as
a GTD calculation technique. In addition, these formalisms are
completely hybridized. The GEMACS code uses a high-level language and
provides flexibility of control over the computational sequence by the
user. Error messages, debug and trace options, and other features are
included to aid the user in identifying sources of errors.
The thin-wire MOM formalism used in the present code uses the
Pocklington integral equation with sine plus cosine plus pulse expansion
functions, point matching, and a charge redistribution scheme at
multiple wire junctions. The GEMACS code also includes most of the
engineering features of other codes, such as loading and ground plane
effects. This thin-wire MOM approach can be used to solve general
physical problems involving actual wires, wire grid models of conducting
surfaces, or a combination of these. The user must reduce the physical
problem to a thin-wire model. The GEMACS code includes a highly
flexible geometry processor to aid in this task.
A second MOM formalism is the use of the Magnetic Field Integral

Equation (MFIE), which treats the surface currents (patches) on wires or

other bodies. It is the intent of the code design to allow the
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incorporation of other solution techniques, such as Bodies of Revolution
and a finite difference frequency-domain formalism.

The GTD formulation is based on work performed by the Ohio State
University in the development of their Basic Scattering Code. The
structure is modeled as a combination of flat plates and a finite length
cylinder with end caps. Near fields and far fields scattered by the
structure immersed in an electromagnetic field are calculated.

The present version of GEMACS (Version 03) can be used with
confidence only when describing the external phenomena associated with
the radiating/scattering structure. The MOM/GTD hybridized solution
becomes unwieldy and suspect when applied to the determination of energy
distribution interior to the structure's skin or in apertures in the
skin. Therefore RADC has recently awarded a contract to BDM Corporation
(Albuquerque, NM) to incorporate within GEMACS a Finite Difference
Frequency Domain (FDFD) capability, scheduled for delivery in September
1985. It will allow the analysis to describe arbitrarily shaped
apertures and interior regions, both of which may contain regions of
arbitrary conductivity and permittivity. Interior field distributions
and energy coupled to wires and loads will be available. The FDFD
technique will be fully hybridized with the MOM/GTD techniques now
incorporated in GEMACS.

The GEMACS inputs are in two categories. The command language
directs the program execution while the geometry language is used to
describe the geometrical properties of the structure being analyzed.

The GEMACS command language is a free-field, keyword-oriented input
stream. The order of the inputs is generally not important, and the
items on each command are delimited by a blank or a comma. An item is
considered to be all of the input associated with a particular
parameter. An item may consist of several entries where each entry is
referred to as a field. Blanks may be imbedded between fields of an
item but not within a field.

The command language consists of a description of the electrical
environment of the structure including the effect of loads, external or
incident fields, voltage-driven or antenna source segments, ground
parameters, frequency, selection of the matrix equation solution

technique, and additional commands which permit intermediate
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calculations to be performed, stored (checkpointed), resumed

(restarted), or purged. In addition, processing time limits, upper ?}j

limit to the number of processing files available, and checkpoint timing ::i:

control are specified at this input level. ?;3
The GEMACS geometry language is also a free-field language. 554

However, the items must appear in the order specified or an error will
occur which may not be detected. The reason for not using keyword-
specified items on the geometry inputs is to decrease the effort
required by the user since the geometry inputs are usually much larger
than the command inputs.

The basic elements of GEMACS are plates, the cylinder, points, and
line segments. These in turn may belong to larger data groups with a
given name. Any reference to this given name will also reference all
the points and segments within that group. In addition, line segments
may also be identified as a group by having the same tag number.

The subsection may thus be identified by either a segment number or
a tag number. The difference is that the first is unique in the model
while the second may be shared by any number (or all) of the subsections
within the geometry model.

The geometry data set is the basic source of data for many other
GEMACS commands. It must be available before an impedance, excitation,
load, or output data set can be generated. Additionally, the accuracy
of the results is extremely dependent on the applicability of the
structure representation for the analysis bcing performed.

The user specifies the quantities to be computed from the incident
fields and the wire currents, such as impedances, coupling parameters,
and near field and/or far fields. These are computed from the incident
fields and currents regardless of the solution process specified. In
any case it must be emphasized that the user must be familiar with
general results from the literature to ensure that the computed solution
using the model for the system is of sufficient accuracy for the
purposes intended. For example, the far fields can be computed from
approximate currents obtained by specifying a weak convergence criterion
when solving matrix equations. This will allow the reduction of the
required computer resources when large systems are being analyzed.

Also, the physical symmetry of the structure may be used to decrease

matrix fill time and matrix equation solution time.
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The present code generates an interaction matrix from the MFIE,

EFJE (Electric Field Integral Equation), and the GTD as discussed in the
GEMACS engineering documentation. The wire current is represented by a
sine, cosine, and pulse expansion function with redistribution at
junctions based on the fractional length of each segment with respect to
the total length of all segments connected at the junction. The surface
current is represented by a pulse function. The interaction matrix may
be modified by loading the individual segments or patches of the model
using resistance, capacitance, and inductance in parallel or series
configurations.

Associated with the geometric structure and interaction matrix is
an excitation matrix which contains the total tangential electric field
present at the midpoint of ecach segment or patch. The electric field
may be caused by as many combinations of three types of sources as
desired. These types are plane and spherical wave sources for
scattering problems and voltage sources for antenna problems. In
addition, the user may assign an arbitrary value to the excitation of
any wire segment to force the desired boundary condition.

With the interaction matrix denoted by [Z] and the excitation
matrix denoted by [E]. the primary function of the code is to generate

and solve the system of equations for the electric current ([I]:

(2} {1} = [E]

This may done using direct full matrix decomposition if the structure is
electrically small. The Gauss-Jordan algorithm is supported by GEMACS.
For electrically large problems in which use of the GTD is not

made, the direct solution method may be prohibitive due to the large
amount of time required and the possible roundoff errors. In this case,
the BMI (Banded Matrix Iteration) technique is available. When using
BMI, the user must provide the convergence measure and value to be used
to stop the iterative procedure. Three criteria or measures are
available: the BCRE (Boundary Condition Relative Error), the IRE
(Iterative Relative Error), and the PRE (Predicted Relative Error).
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Once the solution has been obtained, the input impedance of each
voltage driven element (i.e., Antenna Feed Point) is output to the user.
The currents may also be used as inputs to the field computation
routines to obtain the near- and/or far-electric field patterns, and the
coupling between pairs of antennas.

There are inherent limitations to the solution techniques
available. The user who is not familiar with these techniques is
advised to consult the engineering manual [Ref. 2, this section] in
order to not waste valuable time and computer resources working an ill-
posed problem.

It should also be understood that there are certain limitations and
assumptions in GEMACS with respect to wire grid modeling. Regarding
geometries that are modeled as wire screen approximations to the actual
surface, the currents in the model exist only on the axis of the wires
in the grid, whereas physically they are spread over the entire area of
the surface. It follows that since the current exists only on the axis
of the wire, there is no azimuthal variation of the current around the
circumference of the wire, as would exist physically on the antennas.
Also, because of the assumed concentration of the current on the axis of
the wires there is no radial component of current flow within the wire,
which is important in the generation of near-field phenomena at the ends
of the wire.

Antenna sources are generally modeled as a delta voltage source
placed across a subsection. This may have no counterpart whatsoever in
the physical situation. Moreover, the size of the gap in the model
usually does not bear any relation to the size of the gap in the
physical antenna. The gap in the model is usually the same size as the
length of the adjacent subsections, since one of the modeling rules of
thumb is to avoid large ratios in the relative lengths of adjacent
subsections. The current on a subsection is computed at the center of
the segment and the variation over the wire is determined by
interpolation between adjacent centers.

Even though all these assumptions are built into a GEMACS analysis,
or a MOM analysis in general, good correlation exists between measured
data and predicted data, and between other analytical results and the
data obtained by using GEMACS.

.

s 80 &



AN

‘.-‘ll‘"‘

'y

A, 4 % 4 T % Y

l"

LA

o
.

FRE e

All the commonly used codes assume that the material of which the
system is composed is perfectly conducting. Brute-tforce techniques can
be used to get around this limitation, but they place a heavy burden on
the user. Alternative solutions are being pursued and will be included
in future versions of GEMACS.

The MOM and GTD models can be used only to solve the external
problem. Problems that cannot be treated with confidence include
coupling through apertures in the skin of the structure and coupling to
objects located within the structure. For example, if the structure is
modeled by a wire grid, electromagnetic energy will "leak through" the
mesh in the model, resulting in a form of aperture coupling. For the
wire-gridded antenna coupling problem, encrgy will go directly through
the body in addition to going around on the surface. Thus, the coupling
will be greater than if the surface were modeled as a solid. The solid
surface and the GTD models have been implemented into the GEMACS code to
eliminate some of these limitations.

The general structure of GEMACS includes a set of executive
routines, input, execution, and termination processors, and seven
calculation processors which solve the electromagnetic problems. The
GEMACS executive routines control the interface of the code with the
host computer and perform three basic functions: input/output to
peripheral files, taking checkpoints and restarting from these
checkpoints, and the compilation of statistical information, which can
be used to pinpoint areas for further code refinement.

The input language, task execution, and run termination processors
simply read the user's data deck, call appropriate subprocessors based
on the user's commands, and terminate the analysis, respectively. These
three processors and the executive routines contain all of the file
handling capabilities built into GEMACS. New subprocessors, with a
proper interface under the task execution processor, can change the
field analysis technique or even apply the mainframe code to a different

type of problem completely, such as the dynamic load analysis of some

structure.
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) The geometry processor generates the geometry to be analyzed by -

E:- interpreting the user geometry input commands. The interaction matrix

ﬁ:J processor generates the elements of the interaction matrix for the

::; frequency and geometry specified by the user. The excitation processor

;?: generates the elements of the vector on the right-hand side of the MOM ey
- matrix equation. The load processor modifies the interaction miatrix to o
5%: take into account the presence of loads on the wires or of imperfectly E
::S conducting materials. The matrix solution processor solves tlie matrix ;:
?:“ equation for the currents on the structure. The output processor =

P calculates such quantities as the near and far-field patterns and :

‘;;, terminal impedance for antennas or the backscattering from the :2

Atﬁ structure. The direct manipulation processor sets such variables as the {

ﬁ:; maximum CPU time allowed for the analysis, the number of files in the ‘T
:.‘ system available to the code, the frequency of the analysis, and the ;

:;i electrical characteristics of the ground (if present). It also performs _:
;1: arithmetic operations, such as modifying the frequency by some factor, a ;'

feature which is useful when “looping" is inserted into the command

stream.

There are three types of output provided by GEMACS: the standard <
boiler-plate, those data specifically requested by the user, and error y

messages and debug information needed by the user when a problem arises

during implementation of the computer code. :
“ v . . > '
o After the electrical currents have been obtained, the GEMACS code -
n'. ~
N recovers the geometry, load, and source data associated with the
A N
I\ . I3 3
“ currents. It will then compute the impedance, admittance, and power for
.,
o all voltage driven (antenna source) and loaded elements. Unless
e e , . Lo .
oo specifically directed, no other output will occur. Additional output is :
&F :
:4 obtained by using print, write, and field data commands. :
PNt ,
f:J Specialized print and write commands may be used to obtain a list .
- d
N of the currents on the structure as well as the contents of any data
- set. A print command lists the entire contents of a data set, while a
I
o write command lists those data specifically requested by the user. For .
;ﬁj example, the latter could be used to print out a limited set of elements .
Se,
)
o of the interaction matrix if the currents appear questionable to the 4
o user .
3 - ;
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> - The field data command will result in the computation of the near
Liu or far electric fields. The output will list the vector components of
LUAN
St the field and optionally plot the magnitudes as directed. The near
h I
f:f field will be determined for Cartesian, cylindrical, or spherical
K coordinates. The use of spherical coordinates with the rad:ius parameter
—— omitted will result in the far fiecld being computed. This is the only
;:; mechanism to control near and far field output.
[~ - The data are preceded by an informative message giving the symbol
o name, the links to other symbols, and the data type. Sinc: these data
o are complex, the real and imaginary magnitude and phase are given for
e
. the current (amperes) and the excitation (volts/meter) on each segment.
LN The optiona! graphic display is controlled by a six-choice item on
n p grap play y
2 L . .
VA command. If this item is defaulted, then only a tabular listing of the
3 data will be output by GEMACS. If one of the six choices is present,
N then the plot will be in either a rectangular or polar form with axes in
N
»;' either a linear or logarithmic progression.
N . . . s o .
~ GEMACS is structured to write a checkpoint at specified time
p p
P intervals, on command, or on detection of a fatal error during execution
N2
- of any command. To recover from a checkpoint, a restart command has
-%: been provided. The restart action is straightforward; on encountering
<.J . . . . .
- the restart command in the input stream, all previous input is
e overwritten with the contents of the checkpoint file.
." )
o There is an extensive set of messages available to the user that is
.
?. printed when GEMACS encounters an error during input processing or
" . . . .
. analysis. These are automatically printed out without the need for a
. user request.
- In addition to the error messages a wealth of information is
84
- available regarding actual processing that occurs during execution.
- These data can be obtained through the use of debug commands.
; Statistics may also be collected and output which describe what
~
> subroutines were accessed, how often, the amount ot Central Processing ’
. Unit (CPU) time expended in each subroutine and the percentage of the L
:: total CPU time spent in each subroutine. '4
@ -4
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Software Considerations -
GEMACS is written in American Standard FORTRAN, X 3.9-1966, and :

consists of approximately 50,000 lines of code. It is capable of

execution with no library subroutines other than those required by the

American National Standards Institute (ANS]) standard. The code

requires approximately 58K, 85K, 120K, and 50K decimal core locations
for each of its four modules (depending on machine and load method) and
may be segmented or overlaved. As released, neither of these features
is used due to incompatibility with various machines.

GEMACS has been installed on the CDC/CDC CYBER, IBM, UNIVAC, PDP,
Burroughs, Honeywell, and VAX computer systems. Although no system
library routines are required, some are desirable. The most important
is a routine to return the elapsed CPU time in minutes. Such a routine
must be available for effective use of the checkpoint command.
Auxiliary routines to return the date and time are called by an internal
subroutine. In the absence of these routines, zeros should be returned
to the calling routing.

The file status function routine is called after each READ to

detect an end of the file. If a library function is available to

determine this information, it should be called from this routine. If
none is available, a zero value for the function should be returned.
Regarding input/output requirements, GEMACS makes extensive use of
peripheral file storage and must have several logical units available.
The user is responsible for assuring that GEMACS can access these files,

whose data sets consist of geometry, excitation, impedance, banded

W POODOC T

results, decomposed matrix results, current, and field data. If more
files are required than are made available, a fatal error will occur and

an attempt will be made to write a checkpoint. To this end, a final

e s ‘s s e —a

GEMACS resource requirement is a checkpoint file.

The modular construction of GEMACS has its advantages. First, and
most obvious, is that one can plug in any technique which has a proper
interface or driver to transfer data between the implementing subroutine
and the mainframe. It is therefore possible to have a complete set of
techniques stored in separate files. The big difference is that

communication with all these techniques is in one common language.
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D There is no need for the user to be familiar with several different sets

o~
-

of input formats, or limit himself to one specialized code.

e Secend, and highly significant, is the fact that GEMACS is tied
.\;\ into the Air Force Intrasystem Analysis Program (IAP). It will thus ~
LA A
N have the full support of the Air Force to provide aid in the loading, =
N
use, and maintenance of the code, additions to the capability of the .
code, updates to eliminate any bugs that may be in the code, and to -
support a common language among all users of the code. 7
Execution times on the Honeywell 6180 computer system for a typical .
s system consisting of a variable number of subsections are shown in Table K
'k} 5. These figures represent analysis times (CPU seconds) using the full .
:{} matrix solution method as a function of the number of segments. g
u?: The problem-handling capabilities of GEMACS are limited by the N
. . . a4
A computer resources available to the user. As presently dimensioned, x
:f: GEMACS can accommodate up to 20,000 wire segments, 14 plates, and one .
- cylinder with two endcaps. Generally, MOM analyses have been limited to .
s fairly small systems, ..e., those that can be represented by 300 °s
L subsections or less. Electrically, this size corresponds to R
r o .h
i: approximately 30 wavelengths of wires or a surface with an area of one y
~ "
"4 squrare wavelength. This is not a result of a limitation of the theory
' 8 B
W or the technique, but has been brought about by the computer resources .
. needed to perform a MOM analysis; however, the range of applicability of .
N ~~
:: the moments technique is extended to objects of larger electrical size t
d'*' (&
'\:\, &
‘. - ‘.
~ Table 5 .
2
o NUMBER OF SEGMENTS VS. FULL MATRIX SOLUTION TIME -~
- ;
y {:: a K\
o 110 segments ................. 255.24 sec .
2N &
2. A
305 segments ............... 2,876.04 sec )
:: 500 segments ............. . 10,076.76 sec -
) 5
‘:. ] \
~" These numbers are computer-system R
ii dependent and apply only to MOM module
x execution. In this regard, the Honeywell .

system is fairly slow. .

25
g i:
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NN in GEMACS through use of the BMI solution method and the GTD formalism. ;
{ In terms of wavelengths, an electrically large system is one which has .
.-\‘ .
}:: an area of at least 10 square wavelengths for a plane surface, or one
i:3 which has a linear dimension of at least 200 wavelengths for a single
N .
o dimension system. The development and recent inclusion of the GTD -7
ey,
LN analysis technique further increases the frequency range capability of 3
s (BT
.:i the program for a given object size and complexity. -
3 -,
ey .
l\ J
X ‘
\ References for Sec. B.4.b
e 1. Siarkiewicz, K. R., 4n Introduction to the General Electromagnetic i
}:{ Model for the Analysis of Complex Systems (GEMACS), Rome Air .
:=; Development Center, AFSC, RADC-TR-78-181, September 1978. -
jfj 2. Balestri, R. J., T. R. Ferguson, and E. R. Anderson, General %
Electromagnetic Model for the Analysis of Complex Systems, Rome Air <
Development Center, AFSC, RADC-TR-77-137, April 1977. In two
:?f volumes. Volume 1, User's Manual; Vol. 2, Engineering Manual.
2 X
}: Reference 1 provides a general description of GEMACS. Reference 2 -~
Vo oy
X presents the detailed studies, with Vol. 1 appropriate for those who
.si' would simply use the program, Vol. 2 for the engineering background. .
5% R
‘.}f For further information on GEMACS, please contact Kenneth Siarkiewicz, -
--. ~
;{ RADC/RBCT, Griffiss Air Force Base, New York 13441. The two volumes of <
B Ref. 2 are presently being extensively revised to include the GTD
Ca
NN formulation documentation.
"I~ ’
08 >
"“: B.4.c NONLINEAR CIRCUIT ANALYSIS PROGRAM (NCAP) "
:::;' Introduction
ii' The Nonlinear Circuit Analysis Program (NCAP) provides the analyst
A |
:}: and system designer with a technique for solving weakly nonlinear :
’ )
447 electromagnetic compatibility (EMC) problems. After a more coarse
F:ﬂf analysis has indicated a potential EMC problem at the circuit level, K
ch- NCAP could be used to examine in more detail the nonlinear behavior. t
e K
}Q NCAP calculates the nonlinear transfer functions of networks made up of
- 3
\ @7 interconnections of a standard set of circuit elements. These transfer
et functions then determine the effects, such as desensitization,
.".
be: intermodulation, and cross-medulation, which in practice can severely
bt
..-: degrade system performance.
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The NCAP was developed by and for the Rome Air Development Center
(RADC) as a part of the Air Force Intrasystem Analysis Program (lAP).
It has been available since 1979, and is currently maintained by the I[IT
Research Institute, EMC/IAP Support Center, Griffiss Air Force Base, New
York. (See Introduction to Section B.4 for change 30 September 1983.)
The program and related services can be obtained directly from the
Support Center. Users to date include at least 6 governmental, 18

industrial, and 4 academic institutions.

Code Description and Capabilities

NCAP employs the Volterra analysis technique, according to which
the nonlinear transfer functions are calculated by a power series
expansion beginning with the linear first-order system. The nonlinear
network problem is solved by forming both the nodal admittance matrix (Y
matrix) for the entire network and the linear sources in the entire
network. The generators can be located between any node in the network,
and can have any desired frequency, amplitude, and phase. Use of
Gaussian elimination with the admittance matrix and the current vector
results in the first-order nodal voltage vector for the network, whose
elements are the first-order transfer functions at all nodes in the

network at the given excitation frequency. When there is more than one

generator at a given frequency, the first-order transfer function will

be the total transfer function due to the superposition of the
generators since the first-order transfer function is a linear function.
The higher-order transfer functions are solved in an iterative fashion.
The nonlinear transfer functions computed by NCAP are voltage
transfer ratios which relate an output response voltage to one or more
input excitation voltages. Therefore, to determine a nonlinear transfer
function, it is necessary to define the parameters of the input signals
of the circuit, including signal levels, and the frequencies at which
the analysis is to be performed. In NCAP these input signals are
considered to be generated by independent sinusoidal voltage sources.
Voltage sources (generators) can be connected between any two nodes in
the circuit, and a single source can generate an arbitrary number of

frequencies. The order of analysis which the program will carry out is
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Dy~ equal to the total number of defined frequencies in the circuit with the
! . . n )
\ nonlinear transfer functions computed for all 2° - 1 possible
DR

e combinations of n input frequencies.

Fo-
NS The user is only required to be able to translate a circuit

“

A - . I3 . LFa) .
W analysis problem into the appropriate NCAP input language statements.

. The input statements define the topology of the circuit, the linear and
P P I 8}
- “' . . I3 s . . . 1
i“‘ nonlinear devices used in the circuit, the circuit element values, the
Rt .

>

circuit excitation and the order of the analysis, the desired outputs,

I3

the data modification, and the sweeping descriptions. Circuits may be

2 *x

.
- " .
LARA LN

interconnected using the following set of standard electronic circuit

-

element models: independent voltage source, linear and nonlinear

"‘l}“""‘ .

dependent sources, linear and nonlinear components, vacuum diodes and

h

pentodes, semiconductor diodes, and bipolar junction and field effect

ey
A transistors. The first step in the analysis should be the construction
;ﬁ of a schematic of the complete circuit, including all of the NCAP
&:3 elements which can be identified and modeled.
:{b A number of optional features have been incorporated in the NCAP
A system to increase its versatility and ease of use. For example, to
-3;3 provide the user with a method of analyzing circuits over a range of
’:: frequencies or linear component values, an incremental sweep capability
ESP has been included in the NCAP program. This feature enables the user to
ap specify numerous analyses for a given circuit in a single computer run.
Txﬁ The basic circuit description, together with all sweep definitions, is
i\i: entered only once. The system then automatically reanalyzes the circuit
?»ﬁ for all possible frequency and component values.
- A modify feature, which allows the user to alter nonlinear device
~$£ﬁ parameters and reanalyze a circuit in a single computer run, has also
t¥:§ been incorporated in NCAP. Such modification may also be applied to
‘%:f frequency and component values, either to change the parameters of a
I:: previously defined sweep, or to define additional values which may lie
{;: outside the range of a sweep.
szﬁ The program consists of eight phases, numbered O through 7. Each
$ﬂ3 phase performs a distinct portion of the circuit analysis and operates
2 independently of the other phases. The only interphase communication is
gﬁ: by shared disk files: the driver file, which is a translation of the
s*é NCAP input cards (denoted with asterisks) to a machine readable

N AN
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description of the circuit analyses to be performed, and the data file,
which contains all circuit element input data, calculated device
parameters, admittance matrices, and transfer function vectors.

Although several other disk files are used by NCAP, their function is to
conserve core storage and ease the transmission of internally generated
data between the subprograms which comprise individual phases.

Phase 0 is the input processor for NCAP. It reads and interprets
the input deck mapping the input cards to appropriate driver and data
file records. Phase 1 calculates the device parameters for each circuit
element, collects and tabulates the circuit's frequencies, and
determines the size of the admittance matrices. Phase 2 constructs the
admittance matrices, one for each possible combination of the circuit's
frequencies. Phase 3 constructs the current vectors and calculates the
transfer functions for each frequency combination. Phase 4 prints the
results from the circuit analysis performed in Phases 1-3 and controls
frequency sweeping. Phase 5 controls linear component sweeping, Phase 6
controls device modification, and Phase 7 controls generator
modification.

Since numerous circuit analyses may be specified by a single NCAP
input deck, the path of execution through the program phases is not
necessarily sequential. Execution always begins at Phase 0 and proceeds
sequentially through Phases 1-4 to perform the first circuit analysis.
From Phase 4, program execution either reverts back to Phase 1 to
initiate a new analysis if frequency sweeping is specified, or proceeds
to Phase 5 if frequency sweeping is not specified or after all such
sweeps have been satisfied. In a similar fashion, Phases 5, 6, and 7
may either cycle back to Phase 1 or proceed to the next phase depending
on the linear component sweeping, device modification, and generator
modifications specified in the input deck. Program execution ends with
Phase 7 after the last (if any) generator modification has been
effected.

Each phase is composed of a principal subprogram which controls its
general operation, a group of secondary subprograms which perform
specific operations for individual circuit elements or NCAP functions,

and in some cases, additional support subprograms which perform

operations unique to that phase. The program is organized sequentially
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according to the order of the phases. Within each phase, the principal
subprogram appears first, followed by the secondary and support
subprograms in alphabetical order. A group of shared support
subprograms, such as those which perform disk input/output or complex
arithmetic, follow Phase 7 and appear in alphabetical order.

The principal subprograms of each phase are subroutines, with the
exception of Phase 0 whose principal, in order to satisfy the
requirements of FORTRAN, is NCAP's main program. These subroutines are
named PHASEO, PHASEl, ..., PHASE7. With the exception of two function
subprograms, the remainder of the NCAP subprograms are subroutines.

Whenever possible, subprograms are named according to specific
conventions. Subprograms which perform specific functions related to
circuit elements are prefixed or suffixed with a device identifier, such
as GEN for generator or VD for vacuum diode. Within each phase, the
secondary subprogram names contain functional identifiers: IN--read and
interpret input cards; CP--calculate parameters; MT--create matrix
elements; CUR--calculate current elements. Together, the device and
functional identifier describe the purpose of the subprogram:
GENIN--input generator card scquence; CPMTVD--calculate parameters and
create matrix elements for vacuum diode.

The program code for subroutines PHASE1l through PHASE7 are all
organized in a similar manner. Execution through these routines is
controlled by reading and processing the driver file records
sequentially. Each driver record contains a functional identifier or
mode, which serves as the index of a computed "GO TO," selecting the
proper code segment to process that record. The coding for each driver
function is arranged numerically by mode within the subroutine and
begins with the statement number equal to the value of the mode.
Additional statement numbers within a code segment are assigned in
increments of 100. For example, a section of transistor code would
begin with statement 9 (the transistor driver mode), and proceed through
109, 209, 309, and so on.

In a similar fashion, the IN family of subroutines (input card
processors) share a common organization. Execution through these
subroutines is based on a computed "GO TO" using the card type

identifier as an index. The coding for each card type is arranged
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numerically within the subroutines and statement numbers are allocated
in increments of 100 within code segments.

The narrative descriptions of the NCAP subprograms which follow are
arranged in the order in which they appear in the program: by phases
and within phases and by alphabetical order. Each subprogram
description contains a brief statement of purpose, followed by a
variables list, subroutines called, calling programs, and a detailed
narrative of the program code. Wherever possible mathematical
algorithms are summarized and where possible tables of all possible
computed results are presented.

To avoid repetition, variables which are used globally within the
program are listed only in the Phase 0 description or in the first
principal subprogram in which they are used. In the secondary and
support subprogram descriptions, only local variables (or in some cases
less frequently used global variables) are listed.

Machine-dependent code is clearly identified in both the program
listing and narrative descriptions to ease the adaptation of NCAP to
various computer systems.

The output of a typical NCAP run, printed on the computer's line
printer, can consist of a large volume of information. In general the
output consists of images of all input cards, all circuit devices with
their associated parameter values, and all scaled nonlinear transfer
functions and node voltages. The transfer functions and node voltages
are printed for each node and each order for every possible frequency
combination, in both Cartesian and log-polar form.

If errors are detected in the input deck, the printout of the
erroneous input card will be followed by an error message describing the
type of error encountered. Once such an error has been found,
processing of the input deck will continue until the last card is read.
At this point, execution of the program will terminate and the output
will consist of only the input card images and appropriate error
messages.

The successful analysis of a large circuit can result in an
inordinately large amount of printed output; therefore, several output
control statements in the NCAP language allow the user to specify the

desired output and reduce the amount of printout.
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The NCAP program, which applies to the analysis of specific albeit
complicated circuits, has nothing to do with orbits, antennas, or
propagation models, except as they may be used to establish the voltages
used as generator inputs. It thus may be used to process the data
generated by other programs which calculate interference signals at
system or circuit inputs.

A recent application of NCAP predicted radio frequency interference
to the 741 operational amplifier (OP-AMP), which was subjected to
multiple signal inputs. NCAP was successfully used to predict
undesired, low-frequency responses in the OP-AMP caused by demodulation

of amplitude modulated RF signals in the range of .05 to 100 MHz.

Software Considerations

NCAP is written in ANSI Standard FORTRAN IV. Although the program
is large and its analytical technique complex, the modular structure,
adherence to naming conventions for subprograms and variables, and
numerous in-line comments allow NCAP to be readily adapted to any
computer with an appropriate FORTRAN compiler. Sparse matrix routines
decrease core storage requirements and increase computational efficiency
of the program.

The program consists of 10,475 lines of FORTRAN code. It has been
successfully installed on the CDC/CDC CYBER, IBM, UNIVAC, Honeywell,
PDP, and VAX computer systems. The program is self-contained and
requires approximately 51K decimal words of core storage (on the
Honeywell €180 computer). Several disk files are required.

Typical execution times based upon implementation on the Honeywell
6180 series computer are shown in Table 6. These figures are in terms
of Central Processing Unit seconds and refer to typical sample cases
which exercise the various models and specialized analysis features.

The number of nodes per model and order of analysis has also been
indicated.

NCAP can analyze networks containing up to 300 nodes. It has had a

number of applications to EMC problems.
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Table 6

TYPICAL EXECUTION TIMES

No. of
Analysis Task Nodes Order CPU Time (sec)
Frequency sweeping 4 3 33.84
Component sweeping 3 2 9.0
Device model modification 2¢ 3 63.36
Impedance modification 4 3 15.48

References for Sec. B.4.c

1. Spina, J. F., C. A. Paludi, D. D. Weiner, and J. J. Whelan, ;
Nonlinear Circuit Analysis Program (NCAP) Documentation, Vol. I,
Engineering Manual, Rome Air Development Center, AFSC,
RADC~TR-79-245, 1979,

2. Valente, J. B., and S. Stratakos, Nonlinear Circuit Analysis Program
(NCAP) Documentation, Vol. 11, User’'s Manual, and Vol. 111, Computer
Programmers Manual, Rome Air Development Center, AFSC,
RADC~TR-79-245, 1979.

These references are self-explanatory. For further information on NCAP
please contact Kenneth Siarkiewicz, RADC/RBCT, Griffiss Air Force Base,
New York 13441.

B.4.d WIRE COUPLING PREDICTION MODELS

Introduction
The large-scale computer program IEMCAP may indicate a potential
wire-coupled interference problem in an aircraft, ground, or space
system. Because of the size and complexity of many of these systems,
fairly simple models of coupling paths are used to avoid excessive
computer run times. A set of seven computer programs has been developed
to supplement the analysis capabilities of IEMCAP by performing a more X
fine-grained analysis of wire-coupled interference. These programs X

implement the Multiconductor Transmission Line (MTL) model.
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The wire coupling prediction models were developed by the
University of Kentucky under the sponsorship of the Rome Air Development
Center Post-Doctoral Program for RADC's Compatibility Branch. The
programs and associated user's documentation became available in 1976
and are currently maintained by the IIT Research Iustitute EMC/IAP
Support Center, Griffiss Air Force Base, New York, who also provide
programs and associated products and services. (See Introduction to
Section B.4 for change 30 September 1983.) Users to date include 4
governmental, 19 industrial, and 2 academic institutions.

The computer programs described here predict the coupling between
wires and their associated termination networks in closely coupled, high
density cable bundles and in flatpack (ribbon) cables in modern
electronic systems. The effects of shielding and twisting are included.
The models are based on a complete and unified consideration of
multiconductor transmission line theory as it applies to the prediction

of wire-coupled interference. In addition to considering the

limitations and advantages of the analysis and prediction techniques,

Sg;u some numerically stable and efficient techniques are used to solve the

vig: multiconductor transmission problem for large numbers of closely coupled

;t;ﬁ dielectric-insulated wires. Methods for calculating the per-unit-length

‘ parameters are included. All systems are assumed linear, and all
calculations are performed in the frequency domain with sinusoidal
excitation.

The wire coupling prediction model software tools consist of seven

separate codes: XTALK, XTALK2, FLATPAK, FLATPAK2, GETCAP, WIRE, and
SHIELD. The first four are closely related. XTALK implements the MTL
model, neglecting the presence of wire dielectrics and conductor losses.
XTALK2 also neglects the presence of wire insulation but includes
conductor losses. FLATPAK includes consideration of wire dielectrics,
as in ribbon cables, but neglects the conductor losses. FLATPAK2

: includes both wire dielectrics and conductor losses. None of the

: programs considers insulation dielectric losses. Each program is

% efficient for the specific problem being investigated.
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The program GETCAP calculates the per-unit-length GEneralized and
Transmission line CAPacitance matrices for ribbon cables. The program
WIRE is designed to calculate the sinusoidal steady-state terminal
currents induced at the ends of a uniform, multiconductor transmission
line which is illuminated by an incident electromagnetic field. The
analysis and prediction code SHIELD assesses the effectiveness of
preventive measures involving cable shielding and also predicts the
coupling effects due to pigtails, which can seriously degrade the
effectiveness of braided shielding.

It is difficult if not impossible to write a general computer
program which would address all types of transmission line structures
which the user may wish to investigate. The programs discussed here
form an initial library of specialized analysis capabilities for wire-

coupled interference problems.

Code Description and Capabilities

The four programs XTALK, XTALK2, FLATPAK, and FLATPAK2 will be
discussed together. They determine the electromagnetic coupling within
an (n + 1) conductor uniform transmission line, carrying n wires and a
reference conductor for the line voltages. The reference conductor may
be a wire, an infinite ground plane, or an overall cylindrical shield
which is filled with a reference diclectric. The codes are
distinguished by the presence or absence of dielectric insulation and
conductor losses.

In all of the programs, the medium surrounding the conductors is
assumed to be lossless. Sinusoidal, steady-state excitation of the line
is considered, i.e., the transient solution is not directly obtained.

The programs consider the line cross-sectional dimensions as well
as conductor impedance via the per-unit-length impedanc